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ABSTRACT
MECHANICAL AND MORPHOLOGICAL CORRELATIONS IN
POLY-{p-PHENYLENE BENZOBISTHIAZOLE) FIBERS
May, 1983
STEVEN R. ALLEN
B.S.Ch.E., Tufts University
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by: Drs. Edwin L. Thomas and Richard J. Farris
The mechanical properties of high modulus/high strength fibers of
poly-(p-phenylene benzobisthiazole) (PBT) have been investigated in
relation to fiber microstructure and fibrillar morphology. Heat
treatment processing of dry-jet wet spun PBT fibers was undertaken to
provide fiber samples for a systematic comparison of structure-
property relationships. Heat treated PBT fibers possessing a tensile
modulus as high as 300 GPa with tensile strength of 3 GPa have been
produced by employing heat treatment conditions boardering on polymer
degradation; temperatures of 630°C - 680°C in a nitrogen atmosphere
with applied tensions approaching fiber breakage.
Quantitative measures of mechanical anisotropy were obtained for
PBT fibers in torsional and bending experiments. Torsional
shear
modulus values of 1 - 1.5 GPa were measured in free torsional
vii
oscillation experiments and shear strengths of 60 - 140 MPa were
obtained from twisting experiments. Bending studies provided a
measure of compressive strength, with fibers exhibiting buckling for
compressive stresses of approximately 700 MPa. The state of stress in
model cylindically orthotropic fiber structures was analyzed using
anisotropic elasticity theory. Tension/compression, torsion and
bending were examined in order to compare the predicted level of
transverse stress with the measured (relatively low) lateral strength.
Optical microscopy, transmission and scanning electron microscopy
and x-ray diffraction were used to examine the structure of PBT
fibers. Crystallite size perpendicular to the fiber axis increases
from approximately 2 nm in as-spun fibers to 10 - 12 nm in fibers heat
treated at temperatures above 600°C. Fiber tensile strength was found
to increase with increase in the extent of the lateral molecular
order. However, tensile modulus and tensile strength did not depend
directly on heat treatment parameters of temperature, time but rather
indirectly through the affect of applied tension during heat treatment
on the overall axial orientation. The highest values of fiber tensile
modulus and tensile strength were exhibited by the more highly
oriented fibers.
• •vm
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C H A P T E R I
INTRODUCTION
1.1 High Performance Fiber Perspective
High modulus/high strength fibers derived from synthetic organic
polymers have received a considerable amount of attention during the
last two decades due to the attainment of engineering mechanical pro-
perties comparable to those of structural metals. With the production
of such high performance fibers, a significant weight advantage in
structural design becomes possible owing to their much lower density
relative to the structural metals. Recent reviews by Black [1,2]
of high performance organic fibers provide a comparison of mechanical
properties on a weight basis for both organic fibers and structural
materials such as steel and glass fiber. This comparison shows the
attainment of a weight-basis tensile modulus of three times that of
steel with a weight-basis strength of five times that of steel for an
aromatic polyamide yarn, pointing out the substantial weight savings
potential of such high performance polymeric materials.
Various molecular architectures and processing procedures have
been employed to achieve high modulus and high strength in polymeric
fibers. Linear, flexible chain polymers, semi-rigid chain polymers
and extended or rigid chain polymers all have been manufactured into
fibers with high tensile mechanical properties. Additionally, carbon
and graphitic fibers produced from polymeric precursors exhibit the
1
2highest performance characteristics.
The majority of the work done on obtaining high modulus from
flexible chain polymers has been centered on high density polyethylene
[1] with tensile modulus values of up to 200 GPa being reported. It
is interesting to note that three novel techniques have been employed
for obtaining high values of modulus in the case of polyethylene;
solid state drawing [3], solid state extrusion [4] and gel spinning
[5]. Each of these techniques is aimed at achieving "ul traorientation"
of the polymer chains in an extended conformation to produce a struc-
ture in which the chains act in a uniform and cooperative manner to
produce both high modulus and strength. While this area is of con-
siderable theoretical interest, the processes involved do not appear
to be commerically practical nor does polyethylene possess the high
temperature stability desired of high performance fibers.
High modulus and strength values have also been reported for
fibers spun from thermotropic liquid crystalline melts of semi-rigid
polymers. A number of companies, most notably Eastman Kodak Company
[6], Carborundum [7] and duPont [8], have secured patents in this area.
As for the case of polyethylene, a high degree of chain extension in
the fiber direction is desired to obtain good mechanical properties.
However, it appears that quite complex annealing procedures [2] are
required for these thermotropic liquid crystalline polymers, a com-
merically unattractive factor.
Fibers produced from lyotropic liquid crystalline solutions of
extended chain polymers have not only achieved desirable high
3performance characteristics but have become commercially successful
engineering materials through the development of conventional wet
spinning techniques for their manufacture. Both Monsanto [9] and
duPont [10] have had success in developing high modulus/high strength
fibers based on wholly aromatic polymers which possess a rod-like
character deriving from steric effects; however, only duPont has
pursued commerical development. This success in producing high per-
formance fibers from extended chain macromol ecules has encouraged
further investigation of rigid rod polymers. A sizeable research
effort sponsored by the U.S. Air Force Wright-Patterson Materials
Laboratory (Ordered Polymers Research Program) [11] is currently
investigating the high performance nature of novel rigid macromol ecules.
A further discussion of the Air Force Ordered Polymers Research
Program as it relates to high performance materials will be taken up
in a later section.
Carbon and graphitic fibers have been extensively investigated
over the last two decades owing to their high temperature stability
and exceptional mechanical properties. Commercially available fibers
possess tensile moduli of up to 690 GPa along with tensile strengths
of 2.2 GPa [12]. While such fibers have amply demonstrated high
tensile modulus and strength, they are quite brittle which may limit
their use in various applications. Also in order to produce carbon
and graphitic fibers extreme processing conditions are required
resulting in high production costs and hence final material cost.
Additionally, the high electrical conductivity of these fibers is not
4always desired in high performance applications. While carbon fibers
have demonstrated very desirable high performance characteristics
there still exists a need for other high performance materials. Work
on new materials is continuing in many areas and a sizeable amount of
this activity is concerned with extended chain or rigid rod polymers
possessing high performance characteristics, the subject of this
di ssertation.
1.2 Air Force Ordered Polymers Research Program
The success in obtaining high performance properties as well as
high temperature stability in fibers produced from extended chain
polymers such as poly(p-phenylene terephthalamide) [10] has spurred
further investigations of rigid rod materials. The U.S. Air Force
Materials Laboratory has been involved in this area in attempting to
improve the thermal and oxidative stability of polymeric materials as
well as exploring the mechanical and engineering properties of such
new materials. The principle objective of the Air Force Ordered
Polymers Research Program [11] is aimed at the development of
materials possessing mechanical properties comparable to those offered
by current fiber reinforced composites yet possessing significantly
higher thermal stability and greater environmental resistance than
exhibited by current structural composites.
The goals of the Ordered Polymers Reserach Program have been
addressed by focusing on extended chain, aromatic heterocyclic molecu-
lar structures. Three of the polymers synthesized as part of this
5program - a polybenzimidazole, PDIAB [13]; poly-(p-phenylene benzo-
bisoxazole), PBO [14]; poly-(p-phenylene benzobisthiazole), PBT
[15,16] - are illustrated in Figure 1. The PBO polymer offers an
improved thermal stability over the PDIAB, and does not have the
moisture sensitivity of the benzomidazole structure. However, of the
three structures, it is the PBT polymer which offers the best thermal
and oxidative stability. For these reasons, since 1978 the emphasis
in the Air Force Ordered Polymers Research Program has focused on the
evolution of the PBT polymer system.
PBT is soluble only in strong acids such as concentrated sulfuric
acid, methane sulfonic acid (MSA), chl orosul fonic acid and
polyphosphoric acid (PPA), the polymerization medium. Wolfe et al
.
[16] have reported intrinsic viscosities of up to 30 dii/g,
corresponding to a degree of polymerization of roughly 100 or equiva-
lently a molecular weight of about 34,000. For molecular weights of
15,000 - 18,000, Crosby et al_. [17] have measured the chain per-
sistance length in chlorosul fonic acid obtaining a value of 64 nm as
compared with a persi stance length of only 15 nm for poly(p-phenylene
terephthalamide) of comparable molecular weight indicative of the
extremely high chain rigidity of PBT [17]. Solutions of PBT in
H2SO4 or MSA above 5 wt% or in CSA or PPA above 3 wt% exhibit stir
opalescence [16,18]. Additionally, the viscosity of such solutions
is observed to pass through a maximum with increasing polymer
con-
centration indicating the presence of lyotropic liquid crystal
phases
at moderate concentrations of PBT in acid solutions.
Fig. 1 Polymers produced as part of the Air Force Ordered Polymers
Research Program.
7The ability of PBT solutions to be spun into high modulus/high
strength fibers was first demonstrated by G.C Berry et al_. [19]. This
preliminary investigation yielded a heat treated fiber possessing
200 GPa modulus with a strength of 1.6 GPa. Due to the presence of
large voids in the fibers, the authors suggested that strengths of up
to 2.6 GPa could possibly be exhibited by void free fibers. Further
advances in the fiber spinning operation as part of the Ordered
Polymers Research Program have been ongoing at the Celanese Research
Company, while structural and mechanical property investigations have
been pursued at the University of Massachusetts.
1.3 The Dissertation
With the introduction of the new class of rigid rod or extended
chain polymeric materials, a number of fundamental questions naturally
arise concerning all aspects of their behavior, properties and
structures. Of particular interest in these high performance fiber
materials are the ultimate values of modulus and strength which can
practically be obtained and the relationships of these properties to
structural aspects of the fiber. This dissertation is directed at
such structure-property relationships for the particular case of
poly-(p-phenylene benzobisthiazole) with the hope that the information
generated and the understanding developed may further a general
understanding of rigid rod polymeric materials to guide future deve-
lopments in this area.
The correlation of fiber structural information with fiber
8mechanical properties for high performance fibers has not been pursued
or progressed to the level of the chemistry and technology of these
materials. In this dissertation structure-property correlations are
considered for fibers of the extended chain polymer PBT. Heat treat-
ment processing of as-spun fibers of poly-p-{phenyl ene benzobisthiazole)
is undertaken in order to induce various changes in both morphology
and mechanical behavior. Hopefully, a wide range of structures and
properties may then be examined to provide additional insight into
structure-property correlations as opposed to the rather limited range
of commerically available high performance fibers. Additionally, the
investigation of the heat treatment process itself and its effect on
fiber characteristics is invaluable to the tailoring of fiber proper-
ties for specific purposes. An examination of anisotropy in these
fibers is also undertaken to provide additional insight into structure-
property relationships in fibers produced from extended chain
macromolecules.
The organization of this dissertation is more or less chrono-
logical. Chapter II summarizes early work aimed at illucidating the
general mechanical behavior of as-spun and heat treated fibers of poly
(p-phenylene benzobisthiazole). Reference is made to morphological
aspects of the fibers were appropriate for aid in interpreting
experimental results. This chapter also takes as cursory look at
fiber behavior at elevated temperatures and the effects of aggressive
environments on mechanical properties. The results contained in
Chapter II provide an incentive for the main work carried out as part
of this dissertation which is presented in the remaining chapters.
An area of interest for high performance fibers is that of mecha-
nical anisotropy which has not been appropriately addressed for many
of these materials. Chapter III considers the anisotropic nature of
PBT fibers in both quantitative and qualitative terms. Torsional beha-
vior of the fibers is examined, providing values of shear modulus and
strength, in addition to examination of fiber behavior in various
bending test geometries. The state of stress in model cyl indrical ly
orthotropic fiber structure is analyzed using anisotropic elasticity
theory. Tension/compression, torsion and bending are examined in
order to compare the predicted level of transverse stress with the
measured (relatively low) lateral strength.
Chapters IV and V consider the objective of achieving the ultimate
values of modulus and strength for PBT and the relationship of these
mechanical properties to structural aspects of the fibers. This area
of research has been addressed through examination of the heat treat-
ment processing (Chapter IV) of as-spun PBT fibers. Heat treatment
not only provides a means for enhancement of mechanical properties but
permits the generation of samples possessing differing properties and
morphological aspects for a fairly systematic study of structure-
property relationships (Chapter V).
The final chapter (VI) highlights the major findings of the
dissertation research, completing the chronological development by
summarizing the current state of knowledge concerning mechanical and
morphological aspects of PBT with suggestions for future considerations.
CHAPTER II
MECHANICAL PROPERTIES OF PBT: GENERAL CONSIDERATIONS
2.1 Introduction
The promising mechdnical properties found by Berry and coworkers
[19] for as-spun and heat treated fibers of poly{p-phenylene benzo-
bisthiazole) led to an expansion of the Air Force Ordered Polymers
Research Program [11] in the areas of fiber spinning and characteri-
zation. Fiber spinning developments have been ongoing at the Celanese
Research Company while structure-property investigations have been
pursued at the University of Massachusetts. This chapter summarizes
the investigation of fiber mechanical behavior and relevant morpholo-
gical characteristics for the fibers produced by both the Celanese
Research Company and by Berry and coworkers at Carnegie-Mellon
University. As-spun PBT fibers have been found to possess both high
modulus and high strength, the values of which may be further enhanced
through heat treatment. Although these fibers possess high values of
modulus and strength, these values appear to be limited at present due
to the exi stance of structural defects, most notably the presence of
large macrovoids. The retention of high modulus and high strength at
elevated temperatures and after exposure to aggressive environments is
quite impressive and is also discussed in this chapter.
10
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2.2 Fiber Production
Dry-jet wet spinning was used to produce fibers from solutions of
PBT polymer at both Carnegie-Mellon University and at Celanese
Research Company. A schematic of the spinning operation is given in
Figure 2. Anisotropic solutions of roughtly 10% by weight PBT in
methane sulfonic acid (MSA) or in polyphosphoric acid (PPA) were used
for spinning dopes. These dopes were extruded through a single or
multiple hole die, highly drawn in the dry-jet region by adjustment of
the take-up speed and finally coagulated and washed. The coagulation
baths employed were typically mixtures of water and methane sulfonic
acid in the case of MSA/PBT dopes and water for PPA/PBT dopes. The
PBT fibers produced had diameters which were in the range of 10 - 30
microns. These as-spun fibers may then be heat treated by drawing
them in an inert atmosphere through a tubular oven maintained at
elevated temperatures.
2. 3 Experimental
The tensile mechanical properties of various as-spun and heat
treated PBT fibers were examined in accordance with ASTM standards for
high-modulus single filament materials [20]. This method of testing
permits a modulus determination which corrects for testing machine
softness which is necessary due to the unsuitabil ity of using strain
gage extensometers on fiber samples. Details of fiber sample prepara-
tion for mechanical testing and of machine compliance corrections are

13
given in Appendix I to provide a useful guide to others involved in
the testing of single filaments of high modulus materials. The mecha-
nical properties reported in this work are based on fiber cross-
sectional areas calculated from diameters measured by light scattering
[21] and routinely checked by light and electron microscopy measure-
ments. Specific mechanical properties (weight basis units of grams/
denier) are based on fiber deniers* supplied by Celanese which were
obtained from vibroscopic techniques [22]. Occassional ly fiber
deniers have also been calculated by measuring the weight of a given
1 ength of f i ber.
The morphological features of PBT fibers reported in this chapter
are based on light optical and electron optical microscopy observations.
Scanning electron microscopy (SEM) was done using an ETEC Autoscan
operated at 20 KV. Fiber samples for SEM observation were first
sputter coated with a 350 A layer of gold in a Polaron E5100 SEM
coating unit to minimize electron charging problems. The interior
fiber morphology was examined by SEM in two ways: (1) examination of
fibers which were peeled (or split) longitudinally using needles and
*Fiber denier is the weight in grams of 9000 meters of the fiber.
Knowledge of fiber mass density and linear density (denier) permit
calculation of fiber diameter. Stress or modulus in grams per denier
may be converted to GPa by the following expression,
[g/denier] x [density(g/cm3 ) ] x [0.0883] = GPa.
Alternatively, if the density is not known but the fiber diameter (D)
i s , one may use:
[g/denier] x [39.2] x [denier]/[TiD2(microns2)] = GPa.
14
tweezers, and (2) examination of the fracture ends of failed, tensile-
tested samples.
2.4 Fiber Structural Information
Both the mechanical and morphological features of PBT fibers
should be directly dependent on the process of fiber production.
Specifically, with the dry-jet wet spinning technique, a high degree
of orientation of the rod-like molecules develops from the extensional
flow field in the dry-jet. This orientation may or may not be main-
tained during the ensuing coagulation process. In the coagulation
bath and during drying the rate of coagulation and of drying and the
shrinkage stresses which develop may affect this orientation as well
as other morphological and mechanical features of the resulting
fibers. Recall that the spinning solutions are roughly 10% by weight
or volume PBT (section 2.2), therefore requiring a substantial volume
change (~ 90%) in going from the extruded dope filament to the solid
PBT fiber.
The PBT fibers investigated have been found to possess a very high
degree of axial orientation. Wide angle x-ray diffraction studies on
fiber bundles and electron diffraction from fiber fragments have shown
near perfect molecular alignment in the fiber direction [23,24,25].
However, analysis of both the x-ray and electron diffraction patterns
indicated that a three-dimensional crystalline order had not been
achieved in any of the fibers examined. Initial work by Adams and
coworkers [23] found that the x-ray diffraction patterns obtained from
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as-spun PBT fibers could be explained by a hexagonal packing of
axially staggered periodic cylinders (the rod-like PBT molecules).
Roche et al_. [24] have observed that upon heat treatment the lateral
molecular order in PBT fibers is enhanced and the structure shown in
Figure 3 was proposed to explain the diffraction from heat treated PBT
fibers. In this structure the fiber is viewed as being composed of
coherently scattering regions with molecules packed laterally in a
two-dimensional net but with translational shifts along the chain axis
direction. It remains to be seen whether or not the lack of true
three-dimensional order or crystal 1 i nity is a direct consequence of
the chemical structure of PBT or is simply the result of non-optimized
processing and heat treatment conditions (a further discussion of
these areas is taken up in Chapters IV and V and Appendix II).
On a larger scale, the morphology of PBT fibers is of a fibrillar
nature as illustrated in the scanning electron micrograph of a longi-
tudinally peeled PBT fiber shown in Figure 4. Fibrils measured from
such micrographs had widths ranging from 0.2 to 1.5 microns, with
fibril length (L) much greater than width (W). Further peeling and
mild sonication permits the observation (via transmission electron
microscopy) of microfibrils down to as small as 70 A in width again
with L » W [26]. These fibrils and microfibrils appear to be lath-
er ribbon-shaped rather than cylindrical. The PBT fiber structure
appears, then, to be a rather idealized form of the fibrillar struc-
ture put forth by Peterlin [27,28]. The extended chain nature of the
PBT molecules excludes the presence of "amorphous" regions between
16
Fig. 3 Suggested packing arrangement of PBT molecules [after 24].
Fig. 4 Mechanically peeled PBT fiber illustrating its fibrillar
morphology.
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crystalline blocks as well as such features as slack or loose tie
molecules. In this idealized form the composition of the microfibrils
can be considered that of a "solid nematic" phase with well developed
lateral molecular order. Such characteristics should be kept in mind
when interpreting any response to deformation of the fiber structure.
The most striking feature of the PBT fibers is the presence of a
large number of macrovoids which have been more pronounced in the
fibers spun from methane sulfonic acid solutions. Inherent in the
processing of PBT fibers by dry-jet wet spinning is the necessity of
diffusion of both coagulant into and solvent out of an extruded dope
filament to form the fiber. The severity of the rates and conditions
of coagulation is considered to be a major factor determining the
porosity or void content of wet spun fibers [29]. Fibers spun from
MSA/PBT dopes contain numerous large voids [25,30,31] which are easily
observable using optical microscopy. Figure 5 shows optical micro-
graphs revealing the macrovoids commonly observed in PBT fibers, while
Figure 6 illustrates their appearance in a longitudinally split fiber
observed in SEM.
The macrovoid content of the early MSA spun PBT fibers was typi-
cally in the range of 5% - 20% by volume. Fiber densities were calcu-
lated using the vibroscopic measurement of denier along with fiber
diameters measured by laser diffraction. The fiber macrovoid content
was then estimated by a comparison of the calculated density (equation
2.1) with the measured density of a fiber without macrovoids.

Fig. 6 SEM micrograph of a peeled PBT fiber revealing the presence
of a void (v).
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p=iOOPJ. (2 1)
In equation 2.1 p is the fiber density (g/cm^), d the denier and D the
fiber diameter in microns. Adams and Dudis [32] report a density
of 1.5 g/cm^ for a void free section of fiber as determined by
pycnometer measurements. The estimated PBT fiber void content is
approximately 9% on average, and appears resonable when compared with
the voided character of the fibers revealed in the optical micrographs
(e.g. Figure 5), This amount of void content in the fiber is equiva-
lent to a 10 micron diameter fiber having a 3 micron diameter hole
down its center!
PBT fibers spun from PPA/PBT dopes were however found to be of a
less voided nature. Values of the calculated fiber densities were
approximately 1.5 g/cm^. This was found consistent with the reduction
in number of large voids in the fibers when observed using optical
microscopy. In addition to possessing fewer macroscopic voids than
MSA spun fibers, the fibers processed from PPA dopes possess addi-
tional advantages. The spinnability of PBT/PPA dopes has been found
to be better than for PBT/MSA dopes and the spinning of fibers from
PPA represents fiber production directly from the PBT polymerization
medium [33]. The isolation of the polymer after polymerization
followed by redissolving in a suitable solvent, which is a necessary
step for other aromatic fibers [1], is thus eliminated. For these
reasons emphasis has shifted to PPA/PBT spinning rather than MSA/PBT
spinning.
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A second major feature of as-spun PBT fibers is the presence of
circumferential bands observed on the fiber surface [30,31]. Figure
7a illustrates the surface appearance of an as-spun PBT fiber
possessing a relatively low initial modulus (50 GPa). The as-spun
fiber is seen to be characterized by a waviness or rippling of its
surface. Observations of the same fiber after mechanical peeling
indicates that the surface waviness in the as-spun fiber is associated
with the "buckling" of fibrillar elements in the outer region of the
fiber cross section (Figure 7b).
A further discussion of the morphological characteristics of PBT
fibers and their relationships to observed mechanical behavior will be
taken up in sections 2.5.2 and 2.5.3. It is appropriate to preface
that discussion by a presentation of the mechanical behavior of PBT
fibers which is given in the following section.
2.5 Mechanical Behavior
2.5.1 Tensile Properties . PBT fibers produced before 1980 have
demonstrated both high tensile modulus and high tensile strength.
Moduli of 100 GPa (800 g/denier) were typical for as-spun fibers with
strengths of around 1 GPa (8 g/denier). Heat treatment processing of
these as-spun fibers yields moduli as high as 280 GPa (2100 g/denier)
and strengths of 2.6 GPa (20 g/denier). More recent values of modulus
and strength after heat treatment will be discussed in later chapters.
Table 1 summarizes typical strength and modulus values for both as-
spun and heat treated fibers produced from methane sulfonic acid
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TABLE 1
MODULUS AND STRENGTH OF PBT FIBERS PRODUCED DURING 1978-1980
FIBER MODULUS STRENGTH
PBT/MSA
As-spun
Heat Treated
GPa g/denier GPa g/denier
45 - 160
130 - 280
350 - 1200
1000 - 2100
0.4 - 1.6
1.4 - 2.4
3 - 12
11 - 18
PBT/PPA
As-spun
Heat Treated
50 - 160
80 - 280
400 - 1200
600 - 2100
0.5 - 2.4
0.8 - 2.6
4-18
6 - 20
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solutions and from polyphosphoric acid solutions. The wide range of
the values reported result from testing a number of PBT fibers deve-
loped over the period 1978-1980, the higher values belonging to the
latest fibers produced, representing significant improvements over the
earlier fibers due to processing developments.
A comparison of the tensile properties of heat treated PBT fiber
with the properties of other materials is given in Table 2. It is
seen that PBT fiber has superior modulus and strength over common
polymeric fibers and over both steel and glass. The modulus
obtainable for PBT is higher than for commercial Kevlar [poly{p-
phenylene terephthal amide) ] and similar to that of certain graphite
fibers. PBT fiber strength at present is comparable to that of Kevlar
fibers which far exceeds the strength of the other materials given in
Table 2. This comparison (Table 2) in engineering units and in spe-
cific units illustrates the high modulus/high strength characteristics
of PBT fibers and therefore the significant potential for their use as
an engineering material.
The tensile stress-strain behavior of typical as-spun PBT fibers
is quite interesting. The overall tensile behavior observed for as-
spun PBT fibers is elastic-plastic with strain hardening. A high
modulus is exhibited in the initial linear region followed by a region
of limited plastic deformation (1 - 3%) (see Figure 8). Additionally,
it is observed that the modulus of elasticity increases with re-
extension after initial plastic deformation. The relative amount of
increase in modulus of a work hardened fiber with plastic deformation
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varied in the range of 0 - 100%, depending upon the particular fiber
tested (influence of spinning conditions).
The elastic-plastic behavior of the as-spun fibers is in sharp
contrast to the essentially linear elastic behavior exhibited by heat
treated PBT fibers where the overall behavior can be considered to be
that of a brittle material. Figure 9 compares typical as-spun and
heat treated PBT fiber tensile behavior. Heat treated PBT fibers
exhibit an extremely high tensile modulus (E > 200 GPa) and strength
(~ 2 GPa) along with a strain at break of approximately 1% [30,31,33].
2.5.2 Effect of Macrovoids on Fiber Properties
. The presence of a
large number of macrovoids is clearly undesirable for a useful high
performance fiber. In order to properly evaluate the potential of
void-free PBT fibers it is useful to examine the effect that these
large macrovoids have on the measured values of tensile modulus and
strength. The macrovoid structure observed for PBT fibers can be cru-
dely approximated by the model illustrated in Figure 10. In this
idealized case the voided fiber is modeled by a solid fiber segment of
length L5 and cross-sectional area Ab in series with a hollow cylinder
segment of length with a solid cross-sectional area Aq. For this
series combination of segments it is sufficient to analyze one
repeating unit as shown in Figure 10 to evaluate the deformational
response of a number of such units coupled in series as a model of the
voided fiber structure.
When a tensile force of magnitude F is applied to the ends of this
model structure, the total displacement will be equal to the sum of

Fig. 10 Model of PBT fiber with macrovoid.
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the deformation of each segment under the load F. For a linear
elastic material experiencing small deformations it can be easily
shown that the observed modulus is given by equation 2.2,
^ = Et Vr-T^ (2.2)
where E is the modulus of the solid material, <^ is the ratio A^/Ab and
i> is the ratio La/(La+Lb).
Minter [25] has made a number of measurements of void number
density of similar PBT fibers and reports average values of between 2
and 5 voids/mm. This would correspond to a value of (La+Lb) of be-
tween 0.2 mm and 0.5 mm. From measurements made on micrographs such
as shown in Figure 5, Lg i s of the order of 0.01 mm giving values of
between 0.02 and 0.05 for the parameter ij;. Examination of fracture
surfaces suggests that these macrovoids can occupy between 10% and 15%
of the load bearing cross-section of the fiber [30,31] hence
generating values of <^ bewtween 0.85 and 0.9. Substitution of these
values of ij^ and <^ into equation 2.2 indicates that the observed values
of modulus are crudely 99% of the void free fiber modulus.
From a closer examination of equation 2.2, the term i|;(l-(j)) can be
identified with the volume fraction of voids in the model structure or
in a PBT fiber. The values of \p and <^ used above would suggest a void
volume fraction of only 0.002 - 0.0075 as compared with values of 0.05
- 0.09 reported in Section 2.4 which were based on comparisons of
measured fiber diameters and deniers. The discrepancy arises because
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of two factors; mi croporosi ty common to wet spun fibers and void
"tails" extending from the central region of a macrovoid. Void tails
are evident in Figures 4, 5 and 12 where, from the central section of
the void (where
(f,
~ 0.15), the void extends in length the distance of
a few fiber diameters but with a narrower cross-section. The value
0.01 mm given above for did not include the length of the void tail
and hence the discrepancy between void volume fractions mentioned
above. Incorporation of the void tails in the model would simply
result in a value of ^/E of one minus the total void fraction, yield-
ing values of 0.91 - 0.95.
The presence of macrovoids in the PBT fibers, as interpreted by
the simple model of Figure 10, suggests that the modulus values of
voided fibers are in the range of 91% - 99% of void-free fibers. An
interesting point to note, however, is that if modulus values are
given in weight basis units, such as g/denier, no such difference
would exist between moduli of voided and void-free fibers. Whereas
a voided and non-voided fiber may have the same diameter, their denier
(linear density) would be different reflecting the difference in void
vol ume.
The presence of macrovoids is, however, expected to have a
slightly greater effect on the observed values of tensile strength.
It is expected, that during a tensile test of a PBT fiber, failure
would be initiated in the fiber segment possessing the largest
macrovoid. In such a segment the stresses are higher due to the
effective reduction in loading bearing area caused by the void. The
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observed fiber strength relative to void free fiber strength would then
be simply equal to the ratio A^/Ab, or equivalently
^. Measured fiber
strengths, then, are roughly 85% to 90% of a void free fiber strength,
assuming no additional stress concentration above that due to area
reduction.
Examination of fracture ends of tensile tested PBT fibers reveals
that the failures have in fact initiated at voids. Figure 11 presents
side and end-on SEM views of matching fracture ends of a tensile
fractured PBT fiber. The elliptically shaped regions in the end-on
views (labeled v) indicate the macrovoid regions about which the frac-
ture was localized. Void localized failure is also easily observed
via light microscopy as illustrated in Figure 12.
The relatively low values of fiber strength exhibited by voided
PBT fibers is directly related to the size of the macrovoids present.
The fibrillar morphology and the elongated axial shape of the voids
(Figures 5,6) indicates that the voids do not act as strong stress
concentrators in the manner normally associated with holes and cracks.
The fibrillar structure itself would serve to cause crack deflection
provided the interfibril lar forces are less than one-fifth of the axial
fibril cohesion [35] and thus provide relief from crack-type stress
concentration. The voids appear then to serve as a concentrator of
stress via the reduction in effective cross-sectional area caused by
their presence.
2.5.3 Effect of Fibrillar Undulations on Fiber Behavior . The non-
uniform organization of the fibrillar structure in as-spun PBT fibers
Fig. 11 SEM side views (A), (B) and end-on views (C), (D) of matching
fracture ends of a tensile-fractured PBT fiber.
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which is manifested in a wavy surface appearance (Figure 7) is
expected to have a significant effect on the observed mechanical
behavior. Ideal parallel alignment of the fibrillar structure (and
hopefully of the rod-like molecules) is desired for attainment of the
highest possible fiber modulus. The existence of regions within the
fibers possessing non-axial fibrillar allignment therefore precludes
the attainment of maximum mechanical properties for these as-spun PBT
f i bers.
Straightening out of the non-uniform fibrillar organization (if
possible) during deformation would be expected to result in higher
modulus values providing structural integrity is maintained. As
Illustrated in Figure 8, and pointed out in Section 2.5.1, as-spun
PBT fibers do exhibit an increase in Young's modulus with re-extension
after undergoing a 2% - 3% tensile deformation. Scanning electron
microscopy examinations of deformed as-spun PBT fibers indicate that
this modulus increase is associated with the improved alignment of the
fibrillar structure. Figure 13 presents SEM views of the surface and
interior of a plastically deformed as-spun fiber taken from the same
yarn as the fiber illustrated in Figure 7. A comparison of Figures 7
and 13 shows that the fiber surface takes on a more uniform appearance
after deformation along with a lessening of the severity of the inter-
nal fibrillar rippling.
An estimate of the amount of strain sufficient to straighten out
the fibrillar rippling can be obtained through use of a simple one-
dimensional model as shown in Figure 14. The strain required to
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"straighten out" the wave in this repeating structure is simply,
,
.(s+c)-(2a+c)
where s=s(a,b) is the arc length of the wave, and a,b and c are as
defined in the figure. Minimum and maximum values for s can be cru-
dely given by the triangular and rectangular waves depicted, providing
values for s of 2 /a^+b^ and 2(a+b) respectively. From measurements
made on a number of micrographs (such as Figure 7), average values of
the model parameters, a,b and c were obtained and the strains required
to completely straighten out the structure were then estimated through
equation 2.3. These measurements for the particular fibers
illustrated in Figures 7 and 13 are sumarized in Table 3.
Based on the values presented in Table 3, equation 2.3 estimates
strain values of 0.4% - 6% (triangular-rectangular wave) as being
required to obtain a complete straightening out of the structure.
Other geometric shapes for the wave segment have also been used (such
as parabolic, circular arc length and catenary) and predict strain
values of less than 1%, closer to the triangular solution. This
amount of deformation is within the range of deformation observed in
the tensile experiments done on as-spun fibers (Section 2.5.1 and
Figure 8), and is consistent with the straightening observed in Figure
13.
The presence of buckled or wavy regions in as-spun PBT fibers,
which would possess a lower modulus relative to straight regions, is
Fig. 14 One-dimensional model of fibrillar undulations
Table 3
CHARACTERISTIC DIMENSIONS OF FIBRILLAR UNDULATIONS
2a b c
8 + 3 0.6 + 0.1 12.0 + 0.5
(microns)
considered to be a major factor limiting the observed modulus values.
This can be most easily seen by comparison with the modulus behavior
of the simple structure illustrated in Figure 15a where an element
of modulus Ea is in series with a lower modulus element Eb. The
observed tensile modulus (E^) of such a structure can be easily shown
to be given by equation 2.4, where ilb represents the length (or volume)
Em/Ea = [1 + ^b(Ea/Eb-l)]-^ (2.4)
fraction of component b. = Lb/(La+Lb). Figure 15b summarizes the
modulus ratio E^/Ea of this model as a function of length fraction
(^.b) for various component modulus ratios Ea/Eb. The substantial
effect on observed modulus caused by a small region of lower modulus
is readily apparent from Figure 15b.
In order to approach the ultimate modulus value of PBT, a perfec-
tion of the as-spun fiber morphology is therefore desired. The heat
treatment processing of as-spun PBT fibers, which is examined in
Chapter IV, is aimed at attaining such a perfection of structural
characteristics so that ultimate mechanical properties may be
achieved. Heat treated PBT fibers (discussed in Chapter IV) when
examined by SEM exhibit smooth fiber surfaces with no evidence of
an undulating fibrillar structure. Modulus values given in Tables 1
and 2 for heat treated PBT fibers illustrate the improvement of pro-
perties with a more uniform fiber structure.
2.5.4 Plastic Deformation of As-spun Fibers. It should be pointed
Fig. 15 (A) Series model of as-spun PBT fiber, component b refers to
undulated region. (B) Tensile modulus of structure for
E^/Eb ratios of 1.0, 1.1, 1.3, 2.0 and 5.0.
42
out that the argument for straightening of the fibrillar structure
with deformation as being responsible for increased modulus values
would seem to imply that the stress-strain curve of as-spun PBT fibers
would be concave upward. That is to say that as more elements become
straight their contribution to the resistance to deformation would be
increased relative to their initial wavy state and a larger amount of
stress would be required to generate additional increments of
deformation. As indicated in Figure 8, the stress-strain curve for
as-spun PBT fibers is concave downward rather than upward. However,
DeTeresa [36] has observed concave upward stress-strain curves for PBT
and Kevlar (PPTA) fibers which were first uniformly compressed to
generate 'buckled' regions (resembling the rippling in as-spun PBT
fibers) where a similar straightening mechanism is suspected during
subsequent deformation. For the straightening argument to be con-
sistent with the observed tensile behavior of virgin as-spun PBT
fibers, a non-cooperative fibrillar arrangement and/or slip/fracture
mechanisms must be operative. These aspects have been addressed by
this author and coworkers [30,31] in terms of internal or residual
stresses in as-spun fibers possibly arising from the coagulation
and/or drying operations.
Fiber production through dry-jet wet spinning, which requires
coagulation of the polymer-dope filament presents the possibility for
development of high shrinkage stresses in the process. Solutions of
PBT polymer in methane sulfonic acid or in polyphosphoric acid are
roughly 10% by weight (or volume) polymer. In going from a dope
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filament to a solid fiber a substantial (about 90%) volume change
is required. The coagulation process would proceed from the filament
surface into the core region, as the surface region is exposed to the
coagulant immediately upon entering the bath. Core coagulation will
then occur later in time compared with the surface areas. The surface
or outer regions of the fiber, having coagulated before the core
region, could attain sufficient mechanical integrity to resist the
shape change required by the core region as the core region begins to
contract in volume due to coagulation. This nonuni formi ty of coagula-
tion could result in the development of a high component of axial ten-
sile stress in the core region balanced by axial compressive stress in
the outer areas. Strong radial and hoop stresses would also be pro-
duced in the process.
Coagulation of MSA/PBT dopes appears to be consistent with such a
process where the majority of the volume change is observed to occur
within the coagulation bath. PPA/PBT dopes, however, appear to coagu-
late to a swollen gel state with minimal volume change. The majority
of the volume change of PPA/PBT spun fibers appears to occur during
drying on the take-up bobbin where it is observed that an initially
tightly wound fiber becomes loose after drying. If the drying process
is non-uniform, in an analagous fashion to the non-uniform coagulation
process described above, internal stresses may again arise. The
character of residual stresses would be the same as for the non-
uniform coagulation mechanism: axial tensile stress in the core region
balanced by axial compressive stress in the outer region along with
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the presence of radial and hoop stresses.
The development of such internal or residual stresses is common in
other materials such as metals and glasses where certain nonunifor-
mities exist in processing. Commonly these stresses can be revealed
by shape changes which result from the physical removal of part of the
material in which residual stresses are suspected. X-ray diffraction
techniques have also been used to measure internal stresses in surface
regions. These techniques however are difficult to apply to the PBT
fibers due to their small size and limited molecular order.
Instead of trying to physically remove part of a PBT fiber it is
possible to selectively destroy a section of the fiber, to locally
relieve residual stress, in order to observe any shape change caused
by the resulting imbalance of internal stresses. Damage to PBT fibers
in a region near the fiber surface was done using a laser beam. If
compressive residual stress exists in the surface region, balanced by
tensile residual stress in the core, damage of a surface region would
result in a bending of the fiber with the damaged region on the con-
cave side of the resulting curvature.
As-spun PBT fibers damaged in this manner exhibit a resulting cur-
vature consistent with the presence of residual stresses. Figure 16
is an optical micrograph of a damaged PBT fiber viewed between crossed
polars. The damaged region is observed to lie on the concave side of
the resulting curvature consistent with surface compressive residual
stresses and core tensile residual stresses. When this laser-damage
technique is applied to heat treated PBT fibers and to commercial
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fibers Of poly(p-phenylene terephthal amide) (which possess a similar
fibrillar structure composed of extended chain molecules), both of
Which are assumed to be free of residual stresses, no curvature is
observed in the damaged regions.
A Simple structural model incorporating internal stresses can be
used to explain the mechanical behavior of PBT fibers possessing resi-
dual stresses [30,31]. Consider four rods all having the same elastic
properties, but originally of different length as illustrated in
Figure 17a. The lengths of the two outer rods will be taken to be
larger than the two central rods. If these rods are now constrained
to have the same length (Figure 17b), internal stresses are produced.
The central rods will experience tensile forces while the outer rods
will be in compression. This simple structure (a model for a fiber
with residual stresses) is found to exhibit an apparent plastic beha-
vior when deformed. The apparent plastic behavior is the result of
the redistribution of forces when the center rods reach their critical
breaking point and fail. The central rods reach their critical
breaking load before the outer rods due to their initial tensile
internal stress. The presence of initial internal stresses in this
simple structure causes the four rods to not act identically and
failure of the central rods preceeds complete structure failure giving
an apparent plastic behavior. For some distribution of internal
stresses through the fiber cross section, a smooth elastic-plastic
stress-strain curve can be predicted.
This fiber internal stress model attributes the deviations from
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linear elastic behavior to the failure of the fibrillar elements which
experience the highest tensile stress as a result of the applied plus
initial internal stress. The plastic part of the stress-strain curve
results from the consecutive failure of overstressed elements in the
fiber. Because the structural elements do not act cooperatively, the
overall fiber strength is less than that of an identical fiber without
residual stresses.
While this model can explain the plastic nature of the stress-
strain curve of as-spun PBT fibers it is inadequate because it is not
able to explain the observed modulus increase with plastic deformation
An elastic-plastic behavior with increasing modulus can be
demonstrated by a modified internal or residual stress model, as
illustrated in Figure 18. For this model, the compressive internal
stresses are considered to be high enough to have caused buckling of
the outer rods of the model structure.
The loading behavior of this modified model will be similar to
that of the previous model with the difference being that during the
process of plastic deformation the straightening of initially buckled
elements occurs as indicated in Figure 18. During unloading the fric-
tion forces between elements are high enough to prevent sliding bet-
ween them. The elastic modulus of unloading will then correspond to
the effective modulus of a structure with continuous elements. The
compliance of straight fully extended fibrillar elements is lower than
buckled ones giving rise to an increase of the elastic modulus of the
system with plastic deformation.
Fig. 17 Structural model possessing internal stresses.
Fig. 18 Internal stress model with compressi vely buckled elements
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The existance of buckled elements in the as-spun PBT fibers has
already been discussed in Section 2.4 and the straightening out of
these buckled regions as a result of deformation in Section 2.5.3.
The presence of buckled regions, as interpreted through the concept of
residual stresses, is therefore suspected to be associated with axial
compressive stresses arising from a non-uniform shrinkage of the as-
spun dope filament into the solid PBT fiber. Buckling or kinking of
the highly aligned fibrillar structure of PBT (and PPTA) fibers under
compressive loads is a commonly observed phenomena and is discussed
further in Chapter III. As mentioned earlier, axial residual stresses
are suspected to vary smoothly from tensile values at the fiber center
to compressive values at the fiber surface indicating that a variation
in the severity of kinking along a radial direction would be observed.
Examination of a number of micrographs of split PBT fibers, such as
Figures 6,7 and 13 indicates such a variation does exist in as-spun
PBT fibers. Generally, the fibrillar structure is observed to be wavy
near the surface (see Figure 7) with the severity of the wave ampli-
tude decreasing for fibrillar elements closer in with a straight
fibrillar appearance at the fiber center.
The structural models described above serve to simply describe the
observed tensile mechanical behavior of as-spun PBT fibers and are
consistent with the structural characteristics of these fibers as well
as with their porcessing history. Residual stresses in as-spun PBT
fibers resulting from possible shrinkage stresses developed during
coagulation/drying appear then to provide a plausible explanation of
fiber structural and mechanical characteristics. The experimental
evidence and the consistancy of the models do not, however, provide
definite proof of the existance of residual stresses in the fibers.
It is interesting to compare additional PBT fiber behavioral
Characteristics with what would be consistent with a fiber possessing
internal stresses such as described above. Use of the residual stress
model can be made for interpreting the mechanical property changes
which result from heat treatment, for example. In as-spun fibers the
relief of residual stresses (a,-) would be prevented by the forces of
interaction between fibrils, ^fining
^ as the stress necessary to
move a fibrillar element with respect to its neighbors, the value of
residual stresses should satisfy the following inequality:
^'i < ^ . (2.5)
A stress greater than the limit
^ would result in a relative displace-
ment of the elements. The interaction stress ^ would be proportional
to an element's lateral area of interaction (A), it is also natural
to assume that this interaction stress is temperature dependent. Thus
we may express as:
^ = 1^(A,T) . (2.6)
If during annealing
^p is reduced through its temperature dependence
such that initial residual stresses exceed the conditions expressed by
equation (2.5) some relief of these interal stresses can occur.
When annealing is performed at a sufficiently high temperature.
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To, the value of the maximum internal stress in the material is deter
mined by:
(2.7)
With the residual stress model described previously the maximum value
of the residual stresses (ai(max))
^ould be related to the elastic
limit in the stress-strain curve. The elastic limit (oy) corresponds
with the onset of fracture of overstressed fibrillar elements as a
result of the applied plus residual stresses reaching a critical
stress (oi):
= oi(max) +
^
^2.8)
From a series of annealing experiments (i.e. relaxed heat
treatment) the dependence of the yield stress on the annealing tem-
perature can be obtained, and using equation (2.7) and (2.8) the
temperature dependence of can be inferred. As-spun PBT fibers were
annealed at various temperatures and then tested at room temperature
to evaluate their mechanical behavior. The elastic limit of annealed
PBT fibers was found to depend linearly on the annealing temperature
over the range 25°C to 300°C as seen from Figure 19. These obser-
vations indicate that the interaction parameter if; is a linearly
decreasing function of temperature.
Additionally it is observed that the strain at break for the
annealed PBT fibers decreases with increasing annealing temperature as
shown in Figure 20, The strain at break for the fiber is related to
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the maximum value of deformation of the compressed elements (due to
residual stresses) plus the deformation required to break an element
in the absence of internal stresses. If, during annealing, the relief
of residual stresses occurs such that the maximum residual compressive
deformation is less than for the as-spun fiber a decrease in the fiber
strain at break would be expected.
The mechanical behavior shown in Figure 20 also indicates that an
increase in modulus results from annealing. As with the modulus
increase during plastic deformation the increase with annealing can be
related to the straightening out of buckled elements in the fiber
structure. The reduction of forces of interaction resulting from the
elevated temperatures makes possible the mutual displacement of the
elements under the action of the internal stresses, thus allowing for
the straightening out of bent elements.
The strength of the PBT fibers, as seen from Figure 20, remained
basically unchanged as a result of annealing. Because the interaction
stresses, ij;, are finite up to the temperature of destruction of the
fibrillar structure it is seen from equation (2.7) that the residual
stresses cannot be completely relieved by free annealing (2.7). For
this reason, in spite of the residual stresses being lessened during
annealing, the mechanism of fiber fracture remains the same as for the
as-spun fibers yielding a fiber strength that is essentially indepen-
dent of the annealing temperature.
On the other hand, due to the finite length of fibrillar elements
which requires a shear transfer of load, the presence of an external
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load during annealing can result in the total relief of residual
stresses. For annealing under an applied stress (oappi ) equation (2.7)
becomes
:
^i^"""^ + ^appl = MA, To) . (2.9)
The complete release of residual stress can then occur if the
applied stress is equal to the value of the interaction stress, at
the annealing temperature. With the complete relief of residual
stresses through such a tension heat treatment, the fibrillar elements
could then act in a more cooperative fashion leading to a different
mechanism of fiber fracture, and increases in fiber strength compared
with the as-spun fibers. Recalling Figure 9, it is observed that
through the use of a post spinning tension heat treatment both the
fiber modulus and strength can be considerably enhanced.
The ability of the internal stress model to be extended to the
behavioral changes associated with annealed PBT fibers is further evi-
dence of its plausibility but is still not a proof of the existance of
residual stresses in as-spun PBT fibers. Agreement of experimental
results with the qualitative predictions of the residual stress model,
however, indicates use of the concepts outlined here are useful for
understanding observed as-spun fiber behavior and predicting behavior
under new conditions and different situations.
Another factor, which has not received as much attention as
possible internal stress, is the presence of residual solvent/coagul-
ants in as-spun PBT fibers. Chenevey [37] reports residual phosphorous
content of approximately 2 wt% in PBT fibers spun from polyphosphoric
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acid solutions; a rather high value. No such data is available on
methane sulfonic acid spun fibers, although it is not unreasonable to
suspect residuals which is a common occurance for wet spun fibers.
The presence of residual solvent/coagulant in a fiber could have the
effect of a plasticizer and hence significantly affect mechanical
behavior. Any plasticizing effect could of course be a concurrent
factor with any internal stresses through the interaction parameter
\\> mentioned previously.
A few experimental results dealing with residual solvent/coagul-
ant and possible association with mechanical behavior are worth
mentioning. Fibers spun from methane sulfonic acid PBT dopes were
analyzed for weight loss after annealing in an air oven at temperatures
of 100°C, 200°C, 300°C and 400°C for times ranging from 5 minutes to
95 minutes. The results are summarized in Figure 21 as a function of
time and in Figure 22 as a function of temperature. The lower curve
in Figure 22 represents the total weight loss at the longest anneal
times used as indicated in Figure 21. The moisture regained by the
fiber samples after 5 weeks at room conditions was also measured and
is indicated in Figure 21 by the final experimental points.
The weight loss at 100°C was 0.5% after 5 minutes, 0.8% after 25
minutes and 1.1% after 85 minutes, while the weight regained by this
sample was 0.9%. At 200°C, roughly 1% weight was lost after 5
minutes, 1.2% after 25 minutes and 1.5% after 95 minutes, the regain
for this sample being roughly 0.7%. The maximum weight loss recorded
was roughly 2.7% for the sample annealed for 55 minutes at 400°C.
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These results compare well with so.e exploratory
.ass spectrornetry/TGA
work done at Wright Patterson Air Force Base [30]. That work con-
cerned a similar PBT fiber and reported a water loss peak at around
140°C that accounted for roughly one-third of the total weight loss in
heating the fiber up to 500°C (the total weight loss reported being
4.05% at 500OC). JUe remainder of the weight loss was associated with
a broad SO2 evolution peak around 300°C and additional losses at
higher temperatures.
The low temperature annealing (100-200°C) results, combined with
the weight regain data and the WPAFB results, indicate that the
majority of the weight loss up to 200°C is water loss, with the
majority of the loss being regained on exposure to atmospheric
humidity. Annealing above 300°C results in a permanent weight loss to
the fiber compared with annealing below 300°C. Figures 19 and 20,
discussed earlier, illustrate that the majority of the loss of plastic
deformation of as-spun fibers after annealing occurs for temperatures
below 200°C. Additionally, changes in yield stress and modulus are
observed. In order to access the influence of loss of residual
solvent (MSA) on such annealed fibers on attempt was made to reintro-
duce a small amount of MSA into the fibers.
An MSA spun PBT fiber was annealed at 350°C for 15 minutes in an
air oven and its tensile behavior was compared with the same fiber
after exposure to MSA. To reintroduce MSA into this annealed fiber it
was suspended over a pool of liquid methane sulfonic acid in a closed
container maintained at 100°C. The fiber was removed from the
container after approximately four hours at which point its color had
changed to a darker red. indicative of MSA uptake. Figure 23 compares
the tensile behavior of the virgin as-spun, annealed, and annealed/MSA
exposed fibers. After annealing the apparent plastic character of the
as-spun fiber is drastically reduced along with increases in modulus
and yield strength. After exposure to MSA. the elastic-plastic
character is regained along with overall reductions in both modulus
and yield strength.
Although this experiment is rather crude, it does illustrate the
importance of solvent content in PBT fibers. It is interesting to
note that the strain at break of the MSA exposed fiber is still quite
small (less than 4%). If the role of MSA is that of a plasticizer
permitting slip to occur between molecules or elements of the
fibrillar structure its effect is limited as evidenced by the small
deformations to failure.
It is unfortunate that the majority of the experiments carried out
dealing with the understanding of as-spun PBT fiber tensile behavior
have involved exposure to elevated temperatures where the possibility
of microstructural changes also exists in addition to loss of resi-
duals and relief of internal stresses. In fact, as will be discussed
in Chapter V. microstructural changes do occur in PBT fibers at the
annealing temperatures investigated here. The interpretation of
mechanical behavior changes associated with annealing or heat treat-
ment is understandably a complicated problem. A better approach to
examine residual solvent influences would be from a study of the

mechanical behavior of solvent extracted as-spun PBT fibers. Odell
et ai. [39] report that solvent extracted PBT fil.s are gold or straw
colored in appearance in contrast with the reddish color of as-spun
PBT that has only been water washed. Unfortunately those authors do
not report on the overall character of the tensile behavior of their
solvent extracted films.
^•^ Temperature Dependence of Tensile Prooert les
Tensile stress-strain response of a number of PBT fibers and of
Kevlar fibers (PPTA) was evaluated over the temperature range of 25°C
to 250°C. The dependence of tensile modulus and strength on test tem-
perature of these two mateials is similar, both exhibiting a good
retention of room temperature properties over a wide range of
temperature. Some additional tests have been done at temperatures as
high as 595°C on certain fibers and these results are also included
here.
Five fibers were used in these tests: commercial Kevlar 49 and 29,
an as-spun PBT (designated ASl), heat treated PBT (HT) and its pre-
curser as-spun fiber (AS2). All tests were performed using a 2.5%/min
strain rate on 20 mm gage length samples prepared in the same manner
as described in Appendix 1. Specimens were tested after a 5-10 minute
conditioning period at the test temperatures of 25°C, 50°C, 100°C,
150°C, 200°C and 250°C. Tensile moduli values have been corrected for
machine compliance evaluated at each test temperature.
Figure 24 summarizes the dependence of tensile modulus on test
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temperature for these five fibers. Over this temperature range fiber
"lodulus is seen to decrease linearly with increasing temperature. The
heat treated PBT fiber (HT) and the Kevlar fibers appear to have the
same sensitivity to temperature while the as-spun PBT fibers (ASl and
AS2) appear slightly more temperature sensitive. For comparison, at
200°C the heat treated PBT fiber modulus was 200 GPa
. 82% of its room
temperature value while the modulus of Kevlar 49 was 90 GPa. 70% of
its room temperature value.
The temperature sensitivity of fiber tensile strength however
appears to be quite different for the Kevlar and PBT fibers as
observed in Figure 25. Over this temperature range fiber strength
linearly decreases with increasing temperature, the rate of decrease
being greater for Kevlar than for PBT. At 200°C the heat treated PBT
fiber retained 73% of its room temperature strength while the Kevlar
fiber strength retention was only 60-65%. The sensitivity of strength
to temperature for the as-spun and heat treated PBT fibers appears to
be the same.
Additional fiber strength data has been obtained from the heat
treatment experiments reported in Chapter IV. By increasing the ten-
sion applied to the yarn during heat treatment until fiber breakage
occurs, an estimate of the strength of the fiber at the heat treatment
temperature is obtained, it should be noted, however, that these
results represent a test in a nitrogen atmosphere. Additionally the
preconditioning period is different, depending on the residence time
employed for the heat treatment (6 - 80 seconds). Figure 26 summarizes
o
o
(edS) smnaow
(edS) Hi3N3diS
(ed9) Hi9N3diS
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these results for as-spun PBT (AS2) and compares them with heat
treated PBT (HT). From this limited amount of data (Figures 25,26)
it appears that the strength of PBT fibers is roughly a linearly
decreasing function of test temperature over the temperature range of
0°C to 600°C.
2.7 Chemical Resistance
The retention of mechanical properties of as-spun PBT fibers has
been found to be extremely good after exposure to a variety of chemi-
cal environments [40]. The environments investigated include:
Skelly F, chloroform, dimethyl acetamide, acetone, water, nitric acid
and sulfuric acid. After 200 hours of exposure to all but the two
acid environments, essentially 100% retention of both modulus and
strength was observed. The same modulus retention was also observed
after 3700 exposure hours for the Skelly F, dimethyl acetamide and
water environments with a 67% retention of strength.
The strong acid environments (nitric and sulfuric acids) however,
showed immediate effects of deterioration on fiber mechanical
properties. Reductions of up to 50% in both the modulus and strength
were observed after a few exposure-hours. After 200 exposure-hours,
the nitric acid environment yielded a 50% reduction in both fiber
strength and modulus while 80-85% reductions were caused by the
sulfuric acid environment.
2.8 Summary
Fibers of poly(p-phenylene benzobi sthiazol e) described in this
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chapter exhibit values of tensile modulus and tensile strength as high
as 280 GPa and 2.6 GPa
,
respectively. These PBT fibers, however,
suffer from the presence of both numerous macrovoids and from a non-
uniform fibrillar organization which have been shown to significantly
affect the fiber mechanical behavior. Interestingly, the as-spun
fiber tensile behavior is elastic-plastic in nature but with limited
deformations at break (under 4%). It is suspected that the structural
non-uniformities of as-spun fibers derive from large shrinkage
stresses which develop during fiber coagulation and/or drying.
Residual stresses resulting from this fiber shrinkage and/or residual
solvent in the as-spun fibers have been used to describe the observed
behavior. The magnitude of any residual stresses and the relative
importance of each of these aspects on the observed mechanical beha-
vior have yet to be fully evaluated. The industrial importance of PBT
fibers, however, would be in relation to the high performance charac-
teristics of heat treated fibers where the tensile behavior is simply
that of a brittle, linear elastic material possessing high modulus and
strength. The retention of modulus and strength at elevated tem-
peratures and after exposure to harsh environments is quite impressive.
While the high performance characteristics and potential of PBT
fibers has been clearly established, a number of important questions
remain. Of particular interest are the relationships between structure
and properties for high modulus/high strength heat treated PBT fibers.
This interest extends not only to the tensile properties of PBT fibers
but also to the anisotropy suspected from such a highly oriented
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fiber. In the remainder of this dissertation these areas will be
explored, focusing on anisotropy aspects of PBT fibers (Chapter III)
and on the development of high modulus/high strength and the asso-
ciated structural perfection (Chapters IV,V) through detailed examina
tion of the heat treatment of as-spun fibers.
CHAPTER III
ANISOTROPIC MECHANICAL BEHAVIOR
3. 1 Introduction
The high degree of axial molecular alignment observed for PBT
fibers would indicate strong mechanical anisotropy exists in these
fibers. Mechanical properties in the fiber direction, such as modulus
and strength, are high (Chapter II) because of the oriented polymer
backbone, whereas transverse and shear properties, which are dependent
upon the much weaker van der Waals forces between chains, are con-
siderably lower in value than the axial properties. Additionally,
depending on the morphological development of the fiber structure, the
possibility exists for anisotropy within the fiber cross-section such
that the radial and hoop directions are not mechanically equivalent.
The clearest examples of anisotropic bodies are certainly the
single crystals of various materials. In practical applications,
however, most objects are composed of random arrangements of anisotro-
pic domains giving rise to overall isotropic behavior. On the other
hand, macroscopic anisotropy is observed when such random arrangements
give way to ordering by various types of growth or processing
conditions. These higher degrees of ordering may be based at the
molecular level or on a larger scale such as is the case for wood and
composite materials. A good example of anisotropic fiber behavior is
in carbon and graphitic fibers where either a radial or onion-skin
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morphology [34] is developed. Here, one transverse principle direc-
tion (either radial or hoop) is parallel to the basal planes of
graphite whereas the other principle direction is perpendicular to the
basal planes and hence the cross-section exhibits anisotropy similar
to that of single crystal graphite [41,42]. Transverse fiber ani-
sotropy also exists for Kevlar (poly-p-phenyl ene terephthalamide)
[PPTA] fibers because of the radial arrangement of hydrogen bonded
sheets of the PPTA molecules [43,44]. Haraguchi et al. [45] have
also noted the development of preferred orientation of PPTA for solu-
tions coagulated in various nonsolvents. Such preferred orientations
can also develop in PBT due to various processing conditions and hence
lead to anisotropic structures [25],
While morphological anisotropy of various fibers is known, little
attention has been given to the examination of anisotropic fiber
behavior. The rather small lateral dimensions of available high per-
formance fibers (10 - 20 microns), along with their cylindrical
geometry pose a formidable challenge to the experimentalist desiring
knowledge other than of their axial mechanical properties. While cer-
tain high performance materials are amenable to study in other
geometries of larger dimensions (graphite and glass for example),
materials such as PPTA and PBT are generally only available in fiber
form, restricting the available means of examining their anisotropy.
In fact, to the best of this author's knowledge, no other works have
been involved with the characterization of mechanical anisotropy in
PPTA or PBT fibers. In this chapter, a general consideration of
anisotropic fiber behavior is presented to explore the possible states
of stress for several simple test geometries. In this dissertation,
experimental work has been carried out dealing with the torsional
behavior of these fibers from which torsional modulus and estimates of
torsional shear strength have been obtained. Fiber behavior in
bending experiments has also been examined, providing additional
insight into the anisotropic nature of high modulus/high strength
fibers derived from extended chain macromolecules.
3*2 General Consideration of an Anisotropic Fiber
3.2.1 Generalized Hooke's Law
. Before delving into the experimental
approach used to examine PBT fiber anisotropy, a brief review of the
theory of elasticity of anisotropic bodies is in order. A detailed
discussion of anisotropy would of course be beyond the scope of this
dissertation; for this the reader is referred to advanced texts on the
subject [46-49]. This review is provided to present aspects of
anisotropy relevant to the examination of anisotropic fiber behavior
which for the most part, has been extracted from the works of
Lekhnitskii [46,47].
The mechanical properties of an anisotropic elastic solid which
can be treated as a continuous medium are defined by the generalized
Hooke's Law (equation 3.1) for small strains where a linear relation-
^ij = aijkji cTkji (i.j.k.^ = 1,2,3) (3.1)
ship between between stresses and strains is assumed. In 3. 1 a
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summation over k and over , is implied where a^jk, represents the
compliance constants, and a,, and e,^ are the respective linear stress
and strain tensors. The compliance tensor aijk, has 81 independent
components as a fourth order tensor, however the symmetry required of
aij and eij (i.e. oij = aji) reduces the number of independent com-
ponents to 36. Since the strain energy stored in a material must be
a unique quantity independent of the sequence of application of
multiple stresses it can be shown that from an energy analysis of the
material the number of independent components of aij^j^ is further
reduced to 21 where the symemtry a.-jk, = a^ij is imposed. Further
reduction in the number of independent components of a^^^^^ can only be
made through restrictions imposed by the symmetry properties of the
material
,
It is most common to represent the generalized Hooke's Law (3.1)
in contracted notation were the following notation is taken:
01 = ail
02 - 022
03 = 033
04 = 023 (3.2)
05 = 013
06 = 012
Using this notation, the generalized Hooke's Law for a fiber may be
written out in cylindrical coordinate component form as
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= aiiap + 31209 . ai3o, -f xq, + aisxp^ + aigxpo
= ai2ap
. 32200 . a23az . 324xez ^ ^Z.^rz ^ a2e.re (3.3)
Tre = aieop + 32609 4a36oz + 346x9^ + 3561^, . agexpe
where x 3nd y are the commonly used symbols for shear stress and
strain respectively. As mentioned above, the number of independent
components of a^j is twenty-one, which can only be further reduced by
imposing material symmetry restrictions. While it is certainly
possible to deal with such a general anisotropic m3teri3l it seems
re3sonable for the present purpose to consider only a few p3rticul3r
cases, were based on present morphological evidences for PBT and PPTA
certain symmetry restrictions m3y be imposed. In this light, the most
general case to be considered is that of a fiber possessing cylindri-
cal orthotropy.
^•2-2 Cylindrical Orthotropy
.
For a cyl indrical ly orthotropic
material it will be assumed that the fiber possesses symmetry with
respect to three mutually orthogonal planes (r,e,z), which reduces the
number of independent compliance constants from 21 to 9. The
resulting compli3nce coefficients may then be expressed in matrix form
as
:
ai
an 312 313 0 0 0
312 322 323 0 0 0
ai3 323 333 0 0 0
0 0 0 344 0 0
0 0 0 0 355 0
0 0 0 0 0 366
(3.4)
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It is more co«on when dealing with particular problems to express the
compliance coefficients in terms of engineering constants, a^j may
then equivantly be expressed as:
1
Er
- ^er
Ee
^zr
Ez
0 0 0
- ^re
Er Eft Ez
0 0 0
aij = - ^rz
Er
^ez
"
Ee
1
Ez
0 0 0 (3.5)
0
0
0
0
0
0
J__
^ez
0
0 0
0
0 0 0 0 0
^re
where the E
i 's are the principle Young's moduli
' ^ij the shear modul
i
and vij the Poisson coefficients. From a comparison of equations 3.4
and 3.5 the following equalities are noted for a cyl indrical ly
orthotropic fiber:
^er
e
^re
eT
V zr
eT
^ze ^9z
eT
(3.6)
3-2.3 Fiber Symmetry
. Before considering particular implications of
orthotropic anisotropy it is useful to consider one further case of
symmetry, that of transverse isotropy which is more commonly referred
to as fiber symmetry. In this case no distinction between radial and
hoop directions is made, that is to say that all planes perpendicular
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to the fiber axis are treated as being isotropic. The number of inde
pendent compliance coefficients is then further reduced from nine to
five. Taking the hoop and radial directions as defining the plane of
isotropy, the matrix of engineering constants (3.5) reduces to:
Et
0
Et Ez
-
^9r i_ - ^ZT 0
^T ^T Ez
-
"^T 1 0
Ez Ez
0 0 0 j.
G
0 0 0 0
0 0 0 0
0
J,
G
0
0
0
0
0
0
(3.7)
for fiber symmetry, where the simplifications Ep = Eq = Ej,
^zr = ^ze = ^zj Gqz = Gpz = G are employed.
3-2.4 Strain-Displacement and Equilibrium Relations
. In order to
evaluate the state of stress of a body under the action of surface and
body forces (which will be prescribed by particular boundary
conditions) the equations of equilibrium and the strain-displacement
relations in addition to the generalized Hooke's Law must be employed.
The equations of equilibrium relevant to fiber behavior are those for
a cylindrical coordinate system which are given by equations 3.8,
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9ap
+
1
+ X
R = 03r r 39 96
r
r
+
3TpQ
3r
+
I
r
3ae
36
+
3z
+
jjre
r
+ 0 == 0 (3.8)
3Tp2
3r
+ J.
r 36
+
3 Oi
3Z
+
r
+ Z == 0
where R, 0 and Z are the body forces per unit volume. Defining Up,
ue and w as the components of displacement of a point in the deformed
body along the coordinate directions r. e and z, respectively, the
strain-displacement relations for small strains are given by 3.9.
3^ ^ r 36 r ' "iF
YB7 = ^ + i 9W aw 9Up
3z ^ r ^ ' - ' JT ^'-'^
Ype 1 !^ ^ ^ _ ^
r 98 9r r
Combining equations 3.1, 3.8 and 3.9 along with particular boundary
conditions and any simplifications due to material symmetry such as
3.5 or 3.7 the state of stress in an anisotropic fiber may then be
eval uated.
3.3 Applications of Cylindical Orthotropy
3.3.1 Tensile Deformation of Anisotropic Fibers
. One of the simplest
applications of the analysis presented above is the consideration of
the state of stress of a fiber in equilibrium under the action of a
tensile force, P, directed along the fiber axis, z. Lekhnitskii
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[46.47] has shown, that in this case, for a cyl indrical ly orthotropic
rod of radius b the distribution of stresses in the rod is given by:
re - = ^92 = 0
Ph r, ,r.k-l
T;"-(t) ] (3.10)
= £t [1 - k (t)^-i]
' 0 D
02 =
P Ph r r I. 1
t; 7^7^ Lai3 + a23 - (an + ka23) {^f-h
where
To = 7Tb2 + (Xii) (a23-ai3) (3. 11)
and h and k are compound constants related to the compliance coef-
ficients by
h = ^23 - ^13
aii-a22 + (a23^-ai3^)/a33
^11^33 - 313'
^22^33 - 323^
V2 (3.12)
The set of equations 3.10 illustrates that for a cyl i ndrical ly
orthotropic fiber subjected to a tensile load, P, not only is the
axial stress dependent on radial position but that radial and hoop
stresses (also radially dependent) are present. The relative magni-
tudes of the hoop and radial stresses are sensitive to differences in
the compliance constants between the radial and hoop directions, most
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notably the difference (aes-an) expressed in the parameter h. This
difference for a transversely isotropic fiber is equal to zero, where
no distinction between radial and hoop directions exists. For the
case of a transversely isotropic fiber the system of equations 3.10
reduces to
^z
_P_
iTb2
(3.13)
- OQ = Tre = t^z = xez = o
equivalent to the elementary distribution of stresses for an isotropic
material
.
The relative magnitudes of any radial or hoop stresses which may
develop in a cyl indrical ly anisotropic fiber supporting a tensile load
P may have important consequences regarding failure of the fiber when
anisotropic failure characteristics are taken into account. If, for
example, transverse strengths are much lower than axial strength, it
is conceivable that a fiber tensile failure could be the result of a
transverse failure rather than a true axial failure. It is also
interesting to note that the sign of the radial and hoop stresses is
dependent upon the direction of the axial load P, as well as differen-
ces in the compliance constants. Therefore if axial tension were to
produce compressive transverse stresses, axial compression would pro-
duce transverse tension, or vice versa, creating the possibility of
differences in tensile and compressive failure stresses if such
failures are related to transverse failures.
It is instructive to examine the relative magnitudes of the trans-
verse stresses produced in a cyl indrical ly anisotropic fiber by
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examining a few .ode, fiber structures. As previously mentioned,
graphite fibers
.ay exhibit either an onion-skin or a radial arrange-
ment of the graphite basal planes. To estimate the state of stress in
a .odel graphite fiber the compliance coefficients for single crystal
graphite [50] have been used for the analysis of a perfect rad1a,
and a perfect onion-skin morphology. Table 4 lists the relevant
compliance coefficients (a^j) for the two cases. The radial dependence
Of the axial stress a, will be minor and is not of importance for the
present discussion.
Radial (ap) and hoop (ag) stresses produced in these model
graphite fibers have been calculated based on equations 3.10 and the
compliance constants of Table 4. Figure 27 summarizes the predicted
values of these stresses as a function of radial position (r/b) within
the fiber cross-section. The values of and o, have been normalized
by the isotropic value of axial stress (a, = P/.b^) and are presented
as percentages of the axial stress level. Both hoop and radial
stresses for the onion-skin morphology are bounded within the cross-
section whereas the ideal radial morphology exhibits stress singulari-
ties at the fiber center. For axial tension the onion-skin morphology
is characterized by tensile hoop and radial stresses at the fiber
center having a value of 0.64% of the applied axial stress. At the
fiber surface the radial stress is zero while the hoop stress is
compressive of relative magnitude 2.8%. The radial morphology however
exhibits a tensile hoop stress at the fiber surface of 0.0052 with
zero radial stress while both hoop and radial stresses at the fiber
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Table 4
^11
^33
^13
323
Compliance Coefficients For Model Single Crystal
Graphite Fibers [50]
Radial (GPa-^)
0.00098
0.0275
0.00098
- 0.00016
- 0.00033
On ion
-Skin (GPa-i)
0.0275
0.00098
0.00098
- 0.00033
- 0.00016
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center approach infinite compression, infinite core stresses can
however be excluded fron the present consideration si.npl, by enclosing
this region by a small isotropic cylinder or by having a void at the
centerline. These stress singularities will not be dealt with in this
discussion (see references 46, 47 for a further discussion).
The relative importance of any hoop or radial stresses which may
develop in an orthotropic fiber experiencing a tensile load is
determined by the strength characteristics in the principle directions.
If the magnitudes of these stresses are such that the radial or hoop
strengths are not approached then only a minor significance is given
to their existance. If on the other hand these stresses approach the
strength values in the radial or hoop directions, a closer examination
of fiber tensile failure is warranted. Considering the idealized form
of the model graphite fibers presented here, a comparison of theoreti-
cal strengths seems justified. It is well known [51,52.53] that the
theoretical tensile strength relative to modulus {a^/E) is on the
order of 0.1, so that characteristic strengths may be approximated
from knowledge of the compliance constants given in Table 4. For
graphite the relevant strengths are those parallel and perpendicular
to the basal planes, which from Table 4 are estimated as 102 GPa and
3.6 GPa respectively. [It should be mentioned that the observed
strengths of materials are generally one order of magnitude lower (i.e.
O.OIE) than such theoretical values (flaws, dislocations, etc.) but
because only ratios of these strengths are important for the present
discussion the comparison of theoretical values is warranted].
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Fig. 27a Radial (R) and hoop (e) stress distribution in a model onion-
skin graphite fiber under axial tension (o).
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Fig. 27b Radial (R) and hoop (e) stress distribution in a model radial
graphite fiber under axial tension (a^).
The ratio of perpendicular to parallel basal plane strengths for
these idealized fibers is equal to 0.036 based on the above
considerations. The direction perpendicular to the basal planes would
be radial for the onion-skin structure and hoop for the radial
structure. From Figure 27 it is observed that the maximum tensile
stress perpendicular to the graphite sheets is only 0.5% - 0.6% of the
axial stress for the two structures. This relative value is below the
3.6% stress level predicted for transverse failure to become probable.
It therefore seems unlikely that the presence of cylindrical ani-
sotropy in graphite fibers is a dominant factor determining tensile
failures especially in light of the number of idealizations employed
in the analysis.
It is interesting to note for the idealized models discussed above
that the mechanical behavior of the graphite fibers is not that of an
orthotropic body possessing three mutually perpendicular planes of
symmetry possessing unique elastic constants. The elastic symmetry is
more simplified than the general orthotropic case by considering the
graphite sheets as planes of isotropy possessing identical elastic
constants in two of the three directions.
As a further example of cylindrical orthotropy an idealized PPTA
fiber is considered where structural evidence [43,44] suggests a
radial arrangement of hydrogen bonded planes of the poly-(p-phenylene
terephthalamide) molecules. In this case the fiber properties in the
axial, radial and hoop directions would be related to covalent chemi-
cal bonding, hydrogen bonding and van der Waals bonding, respectively.
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presenting a more general orthotropic structure than for graphite.
While the distributions of radial and hoop stresses for a radial
PPTA fiber are expected to be of a similar form as for radial graphite
(Figure 27). the magnitudes of these stresses are dependent upon the
specific compliance coefficients of the structure. Exact values of
all of the compliance coefficients needed to solve for the stress
distributions are unavailable but from those that are known and from
comparisons with other anisotropic materials a working set of constants
can be obtained. The axial modulus of PPTA (Kevlar 49) fibers, which
is well known [54-57], is approximately 130 GPa
, resulting in a
compliance of 0.00769 GPa-i. Values of the transverse moduli or
compliances are not well known and vary depending on their method of
measurement or estimation. Northolt and van Aartsen [58] estimate a
modulus in the hydrogen bonding direction of 16-29 GPa based on hydro-
gen bonding force constants taken from the infrared spectroscopic
literature. Phoenix and Skelton [55] have obtained an average trans-
verse modulus of 760 MPa based on transverse compression experiments
of Kevlar 49 filaments assuming transverse fiber isotropy. Uniaxial
fiber composite data [54] suggest a transverse modulus of 8.9 GPa for
a simple series analysis of the composite transverse modulus.
Using the lower value for the hydrogen bonding modulus of 16 GPa
the radial compliance of an Idealized PPTA fiber may be taken as
ail = 0.0625 GPa-i. Compliance values of 1.316 GPa-^ and 0.112 GPa-^
for are obtained from the transverse compression and composite
data respectively. The remaining two constants ai3 and a23 must be
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estimated by comparison to other materials due to the lack of experi-
mental data. By comparison with graphite [50], pine wood [46] and
cellulose [59], the ratio
.^/^ or
.^,/,,, is expected to be on the
order of
-0.01 to
-0.03. As a first approximation a value of
-0.01
will be employed for these ratios for the analysis of hoop and radial
stresses in an axially loaded idealized PPTA fiber (hydrogen bonded
planes radially arranged). By using the same value of this ratio
(ai3/ail or a23/a22) to obtain both coefficients an and a23 it is
tacitly assumed that the radial and hoop Poissons effects are the
same, a condition which will be relaxed later.
Table 5 lists the compliance parameters used to evaluate radial
and hoop stresses in the idealized radial PPTA fiber. Figures 28 and
29 summarize the results in the same form as for the graphite fibers.
The weak direction for this fiber is expected to be the hoop direction
which is perpendicular to both the chain and hydrogen bonding direc-
tions so that attention will be focussed on the values of hoop stress
00. For these radial structures the hoop stress is found to be ten-
sile except near the fiber center where, as seen before, the equations
predict infinite compression at the centerline for an axially applied
tensile load. The maximum value of hoop stress occurs at the fiber
surface (r=b) where values of 0.77% and 0.25% of the axial stress are
calculated for cases I and II, respectively. If the Poisson
constraint (-0.01) is relaxed for case II such that a23 assumes the
value -0.00336 GPa-^ (i.e. 323/322 = -0.03, an/an = -0.01), the
magnitudes of the stresses op and 09 are increased by a factor of
Table 5
Compliance Coefficients for Model PPTA Fibers
Constant r.^p j^^^^
^ Case II
^11 0.0625 0.0625
'22 1.316 0.112
^33 (GPa-M 0.00769 0.00769
^13
-
0.000625
_ 0.000625
^23
-
0.01316
_ 0.00112
^ 0-01 0.01
^ 0.22 0.75
VTTb2 1^01 1
Fig. 28 Radial (R) and hoop (e) stress distributions in a model (Case
I) radial PPTA fiber under axial tension (o^).
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Fig. 29 Radial (R) and hoop (e) stress distributions in a model (Case
II) radial PPTA fiber under axial tension (a^).
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5.68. In this case the maximum value of a, is 1.52% of the axial
stress. Other variations of the compliance coefficients yield similar
results within the range of predictions obtained from these examples.
The relative importance of transverse stresses are of course
determined by the characteristic strengths in the transverse direc-
tions relative to the longitudinal strength. Based on theoretical
strength relative to modulus, the hoop strength is very approximately
0.6
- 7% of the axial strength based on the compliances used in Table
5. Reference 54 gives a transverse strength of 29.6 MPa for a
uniaxial Kevlar 49 (PPTA) composite which, if the failure was asso-
ciated with a transverse fiber failure, would correspond to the trans-
verse fiber strength. This value of transverse strength is 0.8% of
the axial strength based on data from the same reference. Recalling
that the maximum ratios of hoop to tensile stresses predicted for the
models is in the range of 0.25% - 1.42%, it seems probable that the
transverse stresses could be an important consideration in the tensile
deformation of a PPTA fiber. It is perhaps even more important with
regard to the compression behavior.
This analysis suggests that further consideration of the anisotro-
pic nature of high modulus fibers is in order. An exact evaluation of
the importance of possible radial and hoop stresses would require a
detailed knowledge of the necessary compliance coefficients as well as
of the true fiber structure including factors such as skin-core
morphologies, especially since oq possesss a maximum at r=b. Such an
evaluation is not possible at the present time owing to an insufficient
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amount of Information and would be beyond the scope of the present
discussion.
A few comments on PBT fiber anisotropy should be included so as
not to lose sight of the subject of this dissertation. Examination of
the chemical structure of PBT (Figure 1, Chapter I) indicates that,
transverse to the chain axis, molecular interactions would be of the
van der Waals type only, as no possibility of hydrogen bonding exists.
Further, the PBT molecule can be considered to be a planar molecule
and it is conceivable that a preferred orientation of the molecular
planes could develop during fiber formation. Such preferred orien-
tations may arise from preferential interactions between the polymer
and solvent and/or coagulant as is suspected for PPTA [45]. To date,
owing to difficulties in section preparation for microscopy [25], it
has not been experimentally possible to determine if any preferential
orientations exist within the fiber cross-section. Should preferred
orientations exist in PBT fibers, the degree of anisotropy between
radial and hoop directions is expected to be less than for PPTA
considering the nature of the possible molecular interactions.
3-3.2 Torsion of Anisotropic Fibers
. The analysis of torsion of a
cyl indrical ly anisotropic fiber can be greatly simplified by the
elastic symmetry properties which characterize the fiber. Application
of a twisting moment M to the end of the fiber results in generalized
torsion for the most general case of cylindrical anisotropy, whereas
the elastic constraint of cylindrical orthotropy simplifies the analy-
sis to the case of ordinary torsion [46]. The distribution of
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stresses is then obtained in the same way as for an isotropic fiber
for both the orthotropic and transversely isotropic fibers considered
in this Chapter. Equations 3.14 give the state of stress for ordinary
torsion
Op
- ae = oz = Tre = = o
.ez=^r (3.14)
where b is the fiber radius and r the radial position within the
fiber. In terms of the engineering shear modulus equation 3.14
may be rewltten as
•rez = Gez0r (3^^5j
where 0 is the angle of twist per unit length of fiber.
^•^•^ Pure Bending of Anisotropic Fibers . As a final example of the
complex state of stress expected in an anisotropic fiber for a rather
simple test geometry, the case of pure bending of an orthotropic fiber
is considered. Figure 30 defines the coordinate convention to be
used for an orthotropic fiber of radius b subjected to a bending
moment M. In the general case of anisotropy all six stresses
(equation 3.2) are nonzero. The elastic constraint of orthotropy
reduces the problem to a consideration of the stresses ap, 09, oz and
TpQ, with Tpz and xez being equal to zero for pure bending.
Lekhnitskii [46] has shown that the resulting distribution of stresses
in the fiber is given by
30 Co-ordinate designation for fiber bendi
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Mb
= 7- g sine [-i- _
OQ = Mb
— g sine [3f - (i+n){Il)n-l-i
•^0 b b
Mb
re = - ^ g cose . (r.)"-!]
(3.16)
M
^2 = rsine
•^0
_Mb g
^
— Sine[(ai3.3a23)^-(ai3.(i.n)a23)e"-l]
where
K
(3.17)
and
g and n are compound constants related to the compliance coef-
ficients by
g =
^23-ai3
B11+2B12+B66-3B22 (3.18)
n = 1 ^
^1^2Bi2+B66
B22
V2
for B-jj given by
B
^i 3^3 3
333 (3.19)
For a transversely isotropic fiber the compliance coefficients
ai3 and a23 are equal, in which case g is equal to zero and the
stresses will be the same as in an isotropic rod
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Or - OQ = Tre = Tpz = xez = 0
(3.20)
4M
az =— rsine
where the axial stress a, is a linear function of the distance from
the neutral axis (e=0), y=rsine.
In comparison to the results obtained in section 3.3.1 for the
tensile deformation of an anisotropic fiber, the bending behavior
requires knowledge of two additional elastic constants, namely,
ai2 and aee- Based on reference 50 the compliance coefficients ai2
and 366 take on the values
-0.00033 GPa-i and 5.55 GPa-^ respectively
for both the radial and onion-skin morphologies of the ideal graphite
fibers considered previously (section 3.3.1, Table IV). The ideal
radial graphite fiber structure generates g and n values (equation
3.18) of -0.00003 and 14.3, respectively, while for the ideal
onion-skin structure these parameters take on the values 0.00003 and
76.5. An examination of equations 3.16 for the case of large n (14.3
and 76.5 can certainly be considered large) indicates that the state
of stress deviates negligibly from the isotropic solution (equation
3.20). Additionally, considering the small magnitude of the factor g
calculated for the graphite fibers, it seems reasonable to neglect the
anisotropic nature of these fibers in pure bending experiments.
Using the idealized radial structure of PPTA fibers presented in
section 3.3.1 and the compliance coefficients from Table 5, Case I,
the bending behavior of such an orthotropic PPTA fiber can be
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examined. As before, only estimations of the necesary compliance
coefficients will be used due to the lack of available experimental
information. The two additional compliances needed, a,, and agg.
Which deal with properties transverse to the polymer chain direction,
may be estimated from the compliances of other materials where similar
intermolecular interactions exist. Based on the compliance data
generated for cellulose [59], a reasonable approximation for a,, and
a66 might be 0.00002 GPa-i and 0.5 GPa-i, respectively. Using these
values along with Table 5, Case I, the idealized radial structure of a
PPTA fiber would be characterized by a g value of 0.0038, an n value
of 1.2 and a Kq value of 1.0015 Trb'+/4.
The rather low value of n (1.2) and high value of g (0.0038) com-
pared with the values obtained for the graphite fibers suggest a
closer examination of the state of stress (3.16) is in order. Due to
the rather complicated nature of equation 3.16, only the locations of
maximum stresses will be dealt with. The sine dependence of ap,
OQ and oz indicates that the maxima of these stresses will occur for
e = 90°, that is along the y axis of Figure 30, the direction perpen-
dicular to the neutral axis, ipg, however, would be expected to be
maximum for 9 = 0°, 180°, along the x axis or neutral plane. Radial
locations of the maximum (or minimum) values of the stresses may be
obtained by setting the derivatives of the stresses, with respect to
r, equal to zero and evaluating for r/b, as well as from examination
of the bounds on r (0 _< r < b).
Differentiation of either op or t^q gives the location of the
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maximum of these stresses as
1
= (3.a)
at
while the boundary constraints on r predict t .nHHftJu cT: TpQ and ap are zero
both r = 0 and r = b. Likewi<;p fnr ^ 4.u ,K wise, tor ag, the radial location of the
maximum is given by
1
(r/b) = [ 3 ]
n^-1 (j.22)
while the boundary conditions give zero hoop stress at the origin and
a value of
Mb
OB — gsme [2-n] (3^23^
at the fiber surface. Further, by denoting,
4Mb
^
TTb"^
^ ""^^ (3.24)
the maximum values of a^, oq, ire may be expressed as ratios with
respect to the maximum axial stress that would exist in an isotropic
fiber (o^i).
Using the g and n values derived above for the model radial PPTA
fiber, the following extremum values are obtained:
0p/azi = -0.002 (e =90°, r/b = 0.134)
"^re/ozi = 0.002 (e = 0°, r/b = 0.134)
OQ/ozi = -0.004 (e = 90°, r/b = 0.09)
0.003 (e = 90°, r/b = 1).
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The radial stress
.axi,nu. is seen to be of opposite sign of the axial
stress. This would indicate compressive radial stresses on the side
of axial tension and tensile radial stresses on the side of axial
compression in a pure bending experiment. A similar reversal of sign
holds for oe at r/b = 0.9. whereas at the fiber surface the hoop
stress is of the same sign as the axial stress. Relative magnitudes
of these transverse streses are on the order of 0.2% - 0.4% of the
maximum axial stress a,. While the axial stress itself is a
Slightly nonlinear function of radial position, its maximum value at
the fiber surface is only slightly different from the calculated
isotropic value a^i and hence can be considered as such. Recalling
the previous discussion of relative strengths in various coordinate
directions (section 3.3.1), it again appears that the presence of
transverse stresss in orthotropic fibers in bending test geometries
is a factor meriting further experimental and theoretical
consideration.
3.4 Experimental
^•^•1 Torsional Experiments
. Fiber torsional (shear) moduli have
been obtained from free torsional vibration experiments employing an
apparatus similar to Gloor [60], schematically illustrated in Figure
31. Samples for these tests were prepared in the same manner as for
the tensile tests described in Chapter II by bonding single filaments
onto cardboard tabs to produce a gage length of 20 mm (see Appendix I
for further details). One end of the fiber sample was then clamped
100
////// J //fff
TAB
7f\
CLAMP
FIBER
DISC PENDULUM
Fig. 31 Schematic of torsional pendulum apparatus
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in a fixed grip and the other end was carefuUy centered in a slotted
disk pendulum as shown in Figure 31.
The disk pendulums employed were actually small aluminum gear
blanks (5/8 and 3/4 inch diameters) obtained from PIC Design,
Ridgefield, Connecticut (parts number BR2.5 and BR2-6). Moments of
inertia I of the disks were calculated from equation (3.25)
I = / pr2 dV
V (3.25)
where p is the density, r the distance from the fiber z axis and V
the volume of the disk. Careful measurements of the disk dimensions
were made and the integration (3.25) was performed as a sum of
integrals of the various sections of the disk (i.e. circular base area
and neck regions containing the slots). The density p was determined
for each disk by measurement of its weight and calculated volume. Two
different pendulum disks were used in this study having calculated
moments of inertia I (which includes the minor contribution from the
cardboard mounting tab) of 115 g-mm^ and 56 g-mm^.
After sliding one end of the bonded fiber into the slotted disk
the other end was clamped into the fixed upper grip. A pedestal,
located below and in line with the top grip, was then raised into con-
tact with the disk to provide support while the sides of the cardboard
tab were cut away as is shown in Figure 31. The pedestal is then
lowered to allow the fiber/disk system to hang freely. This allows
any twist which may have resulted from the mounting procedure to be
released. If the disk did not hang level, further alignment of the
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fiber by
.eans of .inor adjustments to the position of the tab within
the Slots «ere ™ade to assure proper centering. Once a satisfactory
centering «as obtained and all the oscillations had stopped, the
pedestal was again raised into contact with the pendulum.
The pendulu. is then rotated 180« by means of the pedestal which
allows the fiber and disk to be set into free torsional motion when
the pedestal is lowered. After lowering the pedestal, the entire
apparatus is then covered with a bell jar to eliminate stray air
currents. The period of oscillation of the resulting torsional motion
was then measured with a stopwatch by following the motion of a
reference mark on the disk relative to a similar mark on the pedestal
bel ow.
Estimation of fiber shear strength and an examination of the tor-
sional behavior of fibers was performed in a simply devised torsional
experiment. Basically the test involves imposing various amounts of
torsional strain on a fiber sample and measuring the elastic or rever-
sible component of the applied twist. Figure 32 illustrates the
scheme of the test and the nature of the observations made. Fiber
samples bonded onto paper tabs, the sides of which have been cut away,
are placed in the apparatus as shown in the figure where one end is
firmly clamped and the other hangs freely in a U shaped trough. The
bottom portion of the cardboard tab is carefully cut so as to allow
the tab to hang level and the neutral or rest position (configuration
A, Figure 32) is then located corresponding to the removal of any
twist incurred during mounting.
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Twist is applied to the fiber by rotation of a rod attached to
the U-trough. By forcing the fiber to twist relative to the neutral
position, the tab hanging in the trough takes up the configuration
labeled B in Figure 32. After recording the nu.ber of turns applied,
the U-trough is then rotated in the opposite direction while counting
the number of twists to return to the neutral position (configuration
A). An elastic or completely reversible behavior would correspond to
the identical number of turns for twisting and untwisting, irrever-
sible behavior corresponds to the number of untwisting turns being
less than those of twisting. Because the number of twists was
generally large, only integral number of turns were dealt with so that
in the case of irreversible behavior the number of elastic untwists
was easily observable by the return of the bottom cardboard tab to
either the neutral position or to configuration C (Figure 24) which
would correspond to the beginning of twisting of an opposite sense.
Retention of tensile properties (modulus and strength) of twisted
fibers has also been examined. The conditions examined include the
tensile testing of: a) twisted fibers held twisted; b) twisted fibers
untwisted before testing and c) twisted fibers where only the rever-
sible untwist is removed. Details of the tensile experiment are as
given previously in Chapter II and Appendix I.
3.4.2 Bending: Elastica Loop Tests
. Single filament fiber samples
were subjected to the elastica loop test (Figure 33) devised by
Sinclair [61]. Fiber loops were placed in oil between glass slides
while observations were made in an optical microscope. The loops
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Fig. 33 Geometry of elastica loop test
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were drawn down in size by pulling on the fiber ends and either
micrographs were taken or direct measurements of loop geometry were
made at successive intervals. Measurements of the major (L) and
minor (D) loop axis as indicated in Figure 33 were made from either
the micrographs or from a grid placed below the glass slides.
3.4.3 Microscopy. Morphological characteristics of the fibers con-
sidered in this chapter were examined by scanning electron microscopy
(SEM). Fibers for SEM observation were first gold coated (~ 350 A
layer) in a Polaron E5100 SEM coating unit to minimize charging in
the electron beam. It should be mentioned that PPTA and PBT polymers
have a very good radiation resistance relative to other polymers
[25] so that degradation is not a problem for these observations.
SEM observations were carried out in an ETEC Autoscan operated at 20 KV
3.5 Results and Discussion
"^•^•1 Torsional Behavior
. Fiber torsional modulus (G) has been
obtained from measurement of the dynamic oscillations of the torsional
pendulum using equation 3.26,
P _ Stt LI
^~?r-p (3.26)
where L and r are the fiber length and radius, respectively, I the
moment of inertia of the disk and p is the measured period of
oscillation. Five fine diameter fibers have been examined, a heat
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treated (HT) PBT fiber! its precursor as spun (AS) PBT fiberf two
PPTA fibers (Kevlar 29, Kevlar 49) and a high tensile modulus K-glass
fiber. It should be noted that these experiments were carried out at
atmospheric pressure and while small damping due to air resistance was
Observed for all fibers examined, the amount of damping was not
measured and therefore the torsional moduli presented here are as such
uncorrected for this damping (a consideration of damping effects may
be found in references 60 and 62. Damping corrections are generally
quite small even for viscoelastic materials where only slight (~ 1%)
corrections in measured oscillation periods are observed [63]).
Table 6 summarizes the measured values of shear modulus for the
fibers investigated along with a comparison of their tensile modulus.
The shear modulus of both the PPTA and PBT fibers are of the same order
of magnitude, possessing a value of approximately 2 GPa. In com-
parison with common synthetic textile fibers, the PBT and PPTA fibers
are observed to be slightly more rigid in torsion. Meredith [63],
for example, reports torsional moduli of 500 MPa and 900 MPa for nylon
and polyester fibers, respectively, along with a value of only 51 MPa
for a polyethylene textile fiber. Natural textile fibers such as
cotton, wool and silk have torsional moduli comparable to those of the
PBT and PPTA fibers, possessing values in the range of 1 - 3 GPa
[63]. The PBT and PPTA fiber shear moduli are low in comparison with
* Celanese designation PBT 29022-12-5 fiber
Celanese designation PBT 28555-50-3 fiber
Table 6
Comparison of Tensile and Torsional Moduli
E G
(GPa) (GPa)
Kevlar 29 89
2 2
Kevlar 49 130
"^^^^ 200 1.3
K Glass 67 22 3
E/G
40
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graphite and glass fibers r;r;inhii-«y r o . Graphite fibers examined by Gloor [60] had
torsional moduli of 12 - 13 GPa. the K-glass fiber studied here
possessed a shear modulus of 22 GPa and glass fiber examined by
Meredith [63] had a shear modulus of 41 GPa.
The ratio of tensile modulus to shear modulus (E/G) provides for a
si.nple measure of material anisotropy. For an isotropic material this
ratio is equal to twice the value of one plus Poisson's ratio and
should therefore have a value of between 0 and 3. From Table 6 it is
seen that for the K-glass fiber the ratio E/G was calculated to be
approximately 3, consistant with its being an isotropic material.
Meredith also reports an E/G value of approximately 3 for glass fiber
as well as for cotton [63]. Slightly higher E/G ratios (6 - 10)
were found by Meredith [63] for synthetic nylon and polyester fibers
consistant with their being slightly anisotropic resulting from
axial molecular orientation induced during drawing. As a further
example, wood such a pine or fir possesses an E/G ratio of approxima-
tely 13. The E/G ratio found for the PPTA and PBT fibers, ranging
from 40-150, indicate that a high degree of mechanical anisotropy
exists in these fibers. This anisotropy is obviously related to the
near perfect molecular alignment (Chapter II) in the fiber direction
which is easily obtained for these extended chain polymers.
The large difference between the E/G ratios for the as-spun and
heat treated PBT fibers (Table 6) results from their having approxi-
mately the same shear modulus (1.4 GPa) while possessing widely dif-
ferent tensile modulus, that of the heat treated fiber being twice
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that of the as-spun fiber. This also appears to be the case for the
PPTA fibers (Kevlar 49 is co^only considered to be a heat treated
version of Kevlar 29 [64]), the differences in E/G ratios being pri-
marily related to tensile modulus differences.
The torsional deformation (twisting) experiments described earlier
provide information on the reversibility or elastic nature of these
fibers in torsion. Figure 34 illustrates the torsional behavior exhi-
bited by both HT PBT and Kevlar 49 fibers. The torsional behavior is
presented as the observed reversible untwisting strain vs. the applied
torsional deformation, where, in both cases the strains refer to the
maximum torsional strain in the fiber, i.e. that associated with the
fiber surface. For both fibers the behavior is characterized by an
initial elastic region where the applied twists are completely
reversible. High amounts of imposed twisting result in an inelastic
or non-reversible behavior where the major component of the applied
torsional deformation is irreversible. The reversible region of beha-
vior for the Kevlar 49 fiber exists below a 10% surface shear strain,
whereas for the HT PBT fiber reversible behavior is found only for
surface strains below 5%. It is interesting to note that the ability
of both PPTA and PBT fibers to sustain large torsional strains without
complete fiber failure is in sharp contrast to their extremely brittle
behavior in tension (1% - 2% strain at break), again indicating the
anisotropy present in these fibers.
To understand the nature of the irreversible torsional behavior at
high degrees of twist, fiber samples having been twisted various
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-unts (and then fi.ed) were examined
.canning electron
-•croscopy. Pig.re 35 shows the appearance of the NT PBT fiber sur
face for fibers subjected to St. m, 20X and 40. surface shear
strain.
,n the range of elastic torsional behavior (, < 5., the fiber
surface appears unaltered fro. that of an untwisted fiber. Above 5%
surface shear strain, however, the appearance of crac.s running longl-
tudlnall, down the fiber Is observed. The severity and number of
these axial crac.s 1s seen to Increase with Increasing torsional
strain and at large torsional strains, the crac.s become twisted hell-
cally about the fiber axis, si.llar observations have been made on
twisted Kevlar 49 fibers. In which case the longitudinal splits become
apparent above a 10% surface shear strain.
If the fiber behavior in torsion is assumed for simplicity to be
linear elastic in the reversible range of twisting, an estimate of the
fiber Shear strength can be made. The critical torsional strain for
splitting in the twisting experiments combined with the torsional
niodulus Obtained in the dynamic experiments permits such an estimation
of torsional shear strength. Using values of 1.8 GPa, 10% and 1.3 GPa.
5% for Kevlar 49 and HI PBT, respectively, shear strengths of 180 MPa
and 65 MPa are obtained corresponding to the onset of longitudinal
cracking of the surface of these fibers. These values are extremely
low in comparison with the axial tensile strengths which are in the
range of 2 - 3 GPa
,
further demonstrating the large degree of property
anisotropy present in these highly oriented fibers of extended chain
PBT or PPTA. On the other hand these shear strength values (65 MPa.
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180 MPa) are fairly high in comparison with common thermoplastic
materials, where tensile strengths of 40 - 80 MPa are typical [65,66].
The effect of pretwisting on the tensile strength of HT PBT and
Kevlar 49 fibers has been examined by comparing the ratio of the ten-
sile strength of a twisted fiber to that of an untwisted fiber (y=0).
Figure 36 summarizes twisted fiber tensile strengths for both HT PBT
and Kevlar 49 fibers. Tensile strength of both fibers appears to be
unaffected by the presence of twist up to approximately 10% surface
shear strain. Above a 10% pretwist surface shear strain, the tensile
strength falls off drastically with increasing amounts of pretwist.
It is interesting to point out for the PBT fiber that while shear
strains of up to 10% do not adversely affect the tensile strength, it
was noted from Figures 34 and 35 that surface shear strains just
greater than 5% produced longitudinal splits. Therefore, in the range
of 5% - 10% pretwisting, the onset of longitudinal splitting does not
appear to adversely affect tensile strength for this PBT fiber. The
Kevlar 49 fiber by comparison exhibited a loss of tensile strength
with the onset of longitudinal splitting for fibers twisted above the
critical torsional strain for onset of splitting (y=10%).
Figure 34 may be examined in a different light by replotting the
data as the ratio of reversible torsional strain to applied torsional
strain (Yrev/y) vs. the applied torsional strain as shown in Figure
37. For the Kevlar 49 fibers this figure appears superimposabl
e
with the strength data of Figure 36, both the ratios (Yrev/T) and
(oy/oo) having a value of unity below y = 10% and decreasing almost
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linearly with increasing
, for 10% < , < 40%. This
.ight at first
indicate a direct correlation between the amount of splitting
resulting fro. the pretwisting and the loss of tensile strength in the
pretwisted fibers. However, no such similarity between and
(o,/.o) is Observed for the PBT fiber. Additionally, it was found for
both the PBT and Kevlar 49 fibers that if the reversible component of
the pretwist is removed before tensile testing, higher values of ten-
sile strength are measured than those given in Figure 36. Therefore
it may be concluded that while the splitting caused by pretwisting is
a significant factor in reducing the tensile strength of twisted
fibers, the strain energy associated with the reversible torsional
deformation must also be considered as a contributing factor in the
tensile strength reduction. In order to separate the importance of
each of these factors, additional experiments involving combined states
of torsion and tension would be required.
3.5.2 Bending Behavior. For a preliminary characterization of the
bending and compressive behavior of PBT (and PPTA)
, fibers were sub-
jected to the elastica loop test (Figure 33). A behavioral descrip-
tion of the elastica loop test has been worked out by Sinclair
[61] for an ideally elastic material. However, in his analysis,
Sinclair did not consider any possible curvature contributions due to
shear and material anisotropy. For example, in a simple cantilever
beam experiment the deflection of the end of the beam due to shear is
dependent on beam geometry and on the ratio of E/G. The ratio E/G for
isotropic materials is in the range of 0 to 3, whereas for PBT fibers,
118
n has been observed to be as high as 150 (Section 3.5.1). Therefore
the shear contribution to deflection of the cantilever can be up to
two orders of magnitude greater for an anisotropic material such as
PBT than for an Isotropic material, it seems worthwhile, considering
the large value observed for E/G, to examine the effect of shear and
material anisotropy on the elastica loop behavior for the PBT fiber
experiments.
An analysis of the elastica test can be based on equating the
elastic strain energy in an element of the elastica with the work
done in producing the elastica. The elastic stored energy can be
expressed as:
U
=|/// aij dv (3^27)
where the summation convention is implied over the indices of the
stress (aij) and strain (eij) components and dv is a volumetric element.
It should be noted that the elastica does not conform to the case of
pure bending considered earlier (Section 3.3.3), and that while trans-
verse stresses arising from possible material orthotropy may exist,
such stresses will not be considered due to lack of available
compliance coefficients and structural information. The problem con-
sidered is therefore simplified to the bending of a transversely
isotropic fiber possessing fiber symmetry as described in Section
3.2.3.
With these simplifications the problem of the elastica is reduced
to a consideration of only the axial stresses (a) and shear stresses
(t) produced in bending. Equation 3.27 «y then be written as
" 4 /// (aVE . xVG) dv. (3.33,
The volume integral can be decomposed into an Integral over the cross-
sectional area and over an arc length (ds). Assuming a circular
cross-section, and the corresponding stress distributions produced In
bending, the integration over the fiber cross-section yields:
2
J
3AG (3.29)
where E Is the fiber axial modulus, R the radius of curvature, I the
moment of inertia of the cross-section, V the shear force on the cross
section. A the cross-sectional area and G is the fiber shear modulus.
The work done in bending to produce the elastica is given by:
'-'lij'' (3.30)
Where M is the bending moment. Equating expressions (3.29) and (3.30)
yields:
Considering any element of arc length the expression under the
integral sign in equation (3.31) must therefore be equal to zero and
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equation (3.31) reduces to
R
'
3AG
' (3.32)
If the effect due to shear is neglected, equation (3.32) reduces to
the normal bending equation:
R (3.33)
Referring to Figure 25, a moment balance about any point (x.y)
yields
:
M = T (s-y) (3.34)
where T is the tension applied to the fiber ends to maintain the loop.
From geometry the shear force on the cross-section at (x,y) can be
expressed as:
V =
T dy/dx
" [l+(dy/dx)2]V2 (^-3^)
and the radius of curvature can be written as:
1 - c|2y/dx2
R [l+(dy/dx)2]3/2 * (3-3
Using equations (3.36), (3.35) and (3.34) the solution of equation
(3.32) would yield an expression for the elastica, y = y(x). Due to
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the difficulties involved in solving the non-linear differential
equation, a simpler check on the magnitude of the shear energy ter. in
equation (3.32) is first considered.
Consider the ratio
^
of the energy term due to shear stresses
(4V2/3AG) to that due to axial stress (EI/R2):
3AGEI (3.37)
The maximum value of V occurs at a position y = s-^ where dy/dx =
The radius of curvature at this location can be approximated from the
solution of equation (3.32) (neglecting shear) as:
R
~
EI
"
EI
* (3.38)
Therefore at y = s-,j,
,
,|; takes on the value
^ - -
^ ( ^
where r is the fiber radius. As mentioned earlier, the importance of
the shear energy term increases for anisotropic materials where the
ratio E/G can take on large values.
The value of (\> can be estimated from the solution of equation
(3.33) which can be shown (1 1 1-23) yields:
<!> = s/2. (3.40)
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The magnitude of
,
can now be estimated taking typical values for the
fiber size and elastica geometry. The radius of the PBT fiber used
for these tests was 0.012 mm and a typical value of s would be on the
order of 10 mm. Using an E/G ratio of 150 (section 3.5.1) equation
(3.39) yields:
^ - I X lO-'^
(3.41)
Therefore, it can be concluded that even though the shear energy term
is two orders of magnitude larger for anisotropic PBT fibers than for
an isotropic material it is still negligible (-lO-'^) compared with the
axial stress energy term and the solution of equation (3.33) can be
used to describe the elastica loop for anisotropic PBT fibers.
Sinclair [61] has given the solution of equation (3.33) to be
X = . s (2^ - 4)
~
s s2
an j>(2y/s-yVs2)
^/^
LM2y/s-y2/s2)i/2 (3.42)
The analysis also yields the following useful results
4EI
(3.43)
Rmin = s/4
and
D = 0.5328 s
(3.44)
where D is the minor axis of the loop (Figure 33). Sinclair did not
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mention but it can be derived from (3 A?) th^t fh. • -,"u a the major loop axis (L)
has the value
(3.45)
From (3.44) and (3.45) it is observed that if the fiber behaves
elastically in the elastica loop geometry, the ratio of major to minor
loop axis should be equal to a constant,
• (3.46)
The elastica loop test therefore provides a simple means of studying
the bending behavior of PBT (and PPTA) fibers. By drawing loops down
to smaller values of L (or D) and hence increasing the bending strains
in the loop, the parameter L/D can be followed to monitor the elastic
region of fiber behavior.
Figure 38 summarizes the elastica loop data obtained for HT PBT
fibers. It is observed that as the bending strains are increased, by
decreasing the loop size L, the ratio L/D remains constant (~ 1.34)
until the major loop axis is on the order of 10 mm. For smaller
values of L the ratio L/D increases as the fiber deviates from
elastic behavior. If the loop is undone after drawing down to
L < 10 mm the fiber possesses a permanent curvature indicating irre-
versible deformation has occured. Scanning electron microscopy
reveals the onset of kink formation (Figure 39) in the axial
compressive stress regions of the fiber for fibers drawn down into the
region of non-elastic behavior.
o
C\J
Fig. 39 Kinks produced in bending of PBT fibers.
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The radius of curvature at the onset of non-linear behavior can be
calculated from equation (3.44) or can be estimated from the
micrographs taken just prior to the onset of kinking. Using an axial
modulus Of 200 GPa for this PBT fiber a compressive stress of 680 MPa
is calculated for the onset of kink formation. Similar tests per-
formed on Kevlar 49 fibers also produced kink formation as a result of
compresional stresses in the loop. Compressional kink formation has
also been observed by other authors [67-71,36] in the case of Kevlar
fibers. A calculated compressive strength of 740 MPa was obtained for
kinking of Kevlar 49 fibers in the elastica loop test comparable to
values reported in the literature [67,69,71,36]. The onset of kinking
due to compressional stresses precludes the attainment of a tensile
failure in the loop which is more commonly observed for brittle
materials [61,68,72].
The susceptibility of PBT and PPTA fibers to kink under
compressive loads results in measured compressive strengths much lower
in value than their corresponding tensile strengths. For the HT PBT
fiber investigated here the measured compressive strength of 680 MPa
is roughly 30% of the measured tensile strength. Such a comparison is
misleading, however, in that compressive strengths of 600 - 800 MPa
are actually high in comparison with common polymeric materials. The
difference between compressive and tensile strengths is more
interesting in terms of material anisotropy. The susceptibility of
PBT and PPTA fibers to kink is evidently a consequence of the rather
weak lateral interactions between the extended chain molecules. This
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Phenomena 1s by no .eans unicue to PBT and PPTA. Wood is perhaps the
best exa.p,e of an anisotropic material where compressive strength is
-ch lower than tensile strength (i.e. for douglas fir
.Ja, - 0.18
[73]) as a result of weaker properties perpendicular to its grain
as compared with properties parallel to the grain. The differences
between tensile and compressive strength are an additional quan-
tification Of the degree of anisotropy exhibited by extended chain
polymeric fibers.
3.6 Conclusions
An analysis of the possible states of stress of highly anisotropic
fibers has been presented for the simple cases of tensile, torsional
and bending deformations. Based on available compliance coefficients,
and reasonable approximations of others, the importance of considering
the transverse properties of high performance fibers such as PBT and
PPTA was considered. Calculations of transverse stresses in model
fiber structures, in light of directional strength dependencies,
suggests that further investigations dealing with the anisotropy of
mechanical behavior of such materials is warranted. Simple experi-
ments have been carried out resulting in a further characterization of
the mechanical anisotropy exhibited by PBT and PPTA fibers. Torsional
shear moduli (G) of 1 - 2 GPa were measured in comparison with axial
tensile moduli (E) of 100 - 200 GPa for PBT and PPTA fibers giving
rise to an E/G anisotropy measure of 70 for Kevl ar 49 fibers and as
high as 150 for a heat treated PBT fiber. The weakness of the lateral
molecular interactions relativp i-n t-ho ie to the polymer backbone is evidenced
in the relatively low shear and co.pressional strengths of these
fibers. Torsional shear strengths of 55 MPa and 180 MPa were obtained
for PBT and Kevlar 49 fibers, respectively, along with compressive
strengths of 580 MPa and 740 MPa. while these strengths are low in
comparison with fiber axial tensile strengths of 2 - 3 GPa they are
rather high when compared with co^on thermoplastic materials where
tensile strengths are typically on the order or 40 - 80 MPa. Indi-
eating the high strength characteristics of these novel fibers.
CHAPTER
I V
MECHANICAL. PROPERTY ENHANCEMENT:
HEAT TREATMENT OF PBT FIBERS
4.1 Introducti on
Heat treatment processing of po1,.eric fibers Is a co™only
employed technique for the Improvement of mechanical properties
through modifications of the polymer texture. Because the chemical
nature of certain poly.ers excludes their being processed from the
melt state, solution methods must be resorted to for their manufacture
into useful articles. Generally, fibers produced by wet spinning
(solution) processes exhibit Inferior properties when compared with
fibers produced by melt spinning, and the heat treatment of wet spun
fibers provides a viable and simple means of improving their
properties. Heat treatments are employed in the textile industry to
achieve a stabilization of fiber dimensions and twist, improvement of
structural order, enhancement of mechanical properties and for chemi-
cal modification of fibers. The stimulation of molecular motions
through heat treatment allows for the development of more perfect and
more stable structures and the possibility for relaxation of Internal
stress [74].
Works discussing the effects of heat treatment on fibers of
extended chain polymers, such as PPTA and PBT, are not as abundant as
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those for flexible chain polymers. Generally, reports of heat treat-
ment of extended chain polymers is limited to the announcement of high
values of modulus and strength for a "heat treated" fiber [1,9,33,75,
76]. However, some insight into the effects of heat treatment on the
as-produced fiber properties of extended chain polymers has been
gained from studies of the DuPont high performance poly(l,4-benzamide)
and poly(p-phenylene terephthal amide) fibers [10,75,77,78]. Reductions
in the tensile strain at break and increases in tensile modulus can be
obtained from heat treatments if the applied tension during heat
treatment is above 40 MPa (0.3 g/denier). Modulus increases of from
15% to 100% with reductions of strain at break of up to 50% were
reported for fibers heat treated in the range of 150-550°C [10,77],
The modulus changes were greater the higher the heat treatment tem-
perature and tension. Fiber strength did not change significantly at
low to intermediate temperatures but the strength may actually be
reduced after treatment at 450°C or above [77]. Use of high tem-
perature and long heat treatment times can lead to degradation
resulting in losses of 30% or more of the starting fiber strength with
concommitant drop in the intrinsic viscosity [10]. However, with
proper heat treatment conditions, increases in both modulus and
strength, accompanied by increases in density, degree of orientation,
amount of crystal! inity and changes in crystal arrangement can be
obtained [78].
Unfortunately, due to proprietary concerns associated with heat
treatment studies of extended chain polymer fibers, detailed results
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Of such investigations are not readil, available. In order to further
a basic understanding of structure-property relationships in extended
Chain polymer fibers, the effects of heat treatment on the
.icrostruc-
ture and mechanical properties of as-spun PBT fibers has been pursued.
In this chapter, the primary focus is on the mechanical property
enhancements attainable for this material. Additionally, the heat
treatment processing of PBT fibers provides a means of altering not
only the fibers physical properties but also its structural
characteristics. Structural changes occuring as a result of PBT fiber
heat treatment are discussed in Chapter V along with a discussion of
structure-property relationships. One goal to be pursued in the pre-
sent chapter is the attainment of ultra-high values of tensile modulus
and tensile strength for PBT fibers. Moreover, the examination of the
heat treatment of PBT fibers is invaluable for the tailoring of fiber
properties for specific purposes.
4.2 Experimental Design and Procedures
Figure 40 illustrates schematically the apparatus constructed for
the PBT fiber heat treatment. The process parameters of heat treatment
are temperature, atmosphere, yarn velocity, and tension. Thirty-five
possible residence times are available by means of the take-up spool
which is attached to a multiratio gear motor (APCOR 2202) and a ten
speed transmission (APCOR 2415). Residence times of 2 seconds to 27
minutes are accessible with the current design, based on measurement
132
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of the interior oven length and calculated speed of the take-up spool.
A dynamometer (MAGTROL HD-500-1
) connected to the fiber supply spool
allows for the careful measurement and control of the applied tension.
The tension applied to the fiber is calculated from the torque reading
of the dynamometer, the radius of the supply spool and the size and
number of filaments in the yarn. Torque readings on the scale of the
dynamometer were checked by dead weight calibration for the fiber
supply spool used. Because the dynamometer operates on a magnetic
brake system, residual magnetism on the drum had to be removed before
each run to prevent torque oscillations in the low torque range. This
was easily accomplished by holding the torque scale fixed (usually
done with heavy tape or by an assistant) and rotating the supply spool
while decreasing the torque control from a point slightly higher than
used for the preceeding run.
The heat treatment chamber for all but the preliminary studies
(section 4.4.1) consisted of a modified laboratory size furnace
(GRIEVE AC-493) with automatic temperature control up to 1000°C. One
quarter inch holes were drilled through both the furnace door and back
into which brass tubes, slightly longer than the oven insulation
thickness, were inserted and cemented into place. The brass tubes pro-
vide entrance and exit ports for the yarn to be heat treated and were
arranged to coincide with the centerline of the furnace. The door and
other extraneous openings were cemented to prevent possible drafts.
Nitrogen (or argon) is admitted into the furnace at flow rates from
4-10 liters/min through a coiled tube (see Figure 40) to allow some
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preheating before bulk mixing within the approximate 2.5 liter volume
chamber. Heat treatment temperture is monitored by both the furnace
thermocouple and by a platinum resistance (RDT) element placed within
the chamber. Before the RDT element was cemented into a fixed posi-
tion it was moved about the chamber to measure temperture gradients.
For typical gas flow rates, temperature variations of only 10-1 5°C
were observed within the chamber when maintained at temperatures of
500-600°C. A nitrogen (or argon) atmosphere cooling chamber was
attached to the fiber exit port to provide an inert cooling atmosphere
for the hot yarn exiting the furnace.
The heat treatment chamber for the preliminary studies consisted
of a nitrogen fed pipe placed within a tubular oven. As for the
current oven, a nitrogen cooling chamber could be incorporated at the
fiber exit port. This apparatus was discarded after the preliminary
studies due to the observation of severe temperature profiles within
the fiber chamber.
A typical heat treatment run consisted of first selecting a heat
treatment temperature and allowing the oven to stabilize at this tem-
perture while being flushed with nitrogen (or argon). The as-spun
fiber to be heat treated was wound on the dynamometer spool, the
amount being determined by the length of the run desired. The fiber
was then threaded through the oven by tying it to a piece of piano
wire (which is passed through the oven from the exit side) and then
taped onto the take-up-spool connected to the transmission and motor
which are preset to achieve a desired fiber velocity and hence
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residence time. The take-up motor is then turned on, drawing the
fiber through the oven with the dynamometer control turned down to
give minimal tension on the yarn. When the fiber is running smoothly
through the apparatus, the tension is increased to a desired value and
after running for 2-3 residence times a marker is placed on the fiber
take-up spool and heat treated fiber is collected. Generally, after
2-3 residence times of sample collection, another marker is placed on
the fiber, the tension increased to a higher value and additional
sample collected. For a given residence time and temperature, four to
five tension values were employed for a single run. To generate heat
treated fiber for zero applied tension a length of the fiber was
simply drawn through the oven without the use of the supply spool or
dynamometer.
The tensile mechanical properties of the heat treated fibers were
examined in accordance with ASTM standards for high-modulus single
filament materials [20] as discussed previously in Chapter II and in
Appendix I (Mechanical Testing of High Modulus Fibers). Fiber diame-
ters were measured by laser light scattering [21] while fiber deniers
were supplied by Celanese for the as-spun fibers and occasionally
measured for heat treated fibers by weighing.
4.3 Heat Transfer Considerations
To quantify the state of a fiber during heat treatment, knowledge
of its thermal history is required, which would be determined through
its heat transfer characteristics and those of the process. While an
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exact solution of the temperature distribution within the fiber as a
function of position and time would be beyond the scope of this
dissertation, a simple estimation of the fiber temperture hisotry will
be considered. The problem is conveniently divided into two areas; a
consideration of heat conduction within the fiber and a consideration
of heat transfer to the fiber. Individual examination of each of the
areas in simplified forms are classical problems in heat transfer
analysis and solutions may be obtained from standard texts [79-82]
to provide an estimation of the temperature history of a PBT fiber
during heat treatment.
Heat transmission within a PBT fiber will be examined first.
Equation 4.1 provides an estimation of the time (t) required for an
infinitely long cylinder of initial temperature (Tq) to attain an
average temperature (T) when its surface is exposed to a constant tem-
perature (Ts) providing the Fourier number is greater than 0.1 [79].
t =-^ln[£:l^!llL^]
5.78a (Ts - T) ^^'^^
The Fourier number is defined as
^f^0 = ^ (4.2)
where R is the cylinder radius and a its thermal diffusivity. The
thermal diffusivity of PBT has been estimated [83] to be on the
order of 2 x 10-7 m2/sec, based on measurements of its thermal conduc-
tivity and estimated heat capacity. Temperature differences (Tg - Tq)
for typical heat treatment conditions would be in the range of
300°C-700°C and an appropriate value for (T3 - T) may be taken as 1°C.
For a fiber diameter of 25 microns, the time (t) for the average fiber
temperature CT) to be within one degree of T3 may then be obtained
from equation (4.1) and the merit of this solution may be checked by
value of Npo obtained from equation (4.2). Using the values
presented, a time of roughly 3 x 10-3 seconds is estimated which from
equation (4.2) corresponds to a Fourier number of 1 satisying the
constraint placed on equation (4.1) (Nfo>0.1). Given the extremely
short time estimated, it therefore seems reasonable to consider the
fiber to be essentially at a uniform (no radial dependence) tem-
perature (Ts) which is determined solely by surface heat transfer
considerations.
The above consideration indicates that a fine diameter PBT fiber
possesses negligible resistance to heat flow such that the interior
temperature of the fiber may be taken as uniform at any instant of
time. In this case, the thermal history of the fiber may be obtained
from the simple heat balance given by equation (4.3)
qc + qr = pVCp dT/dt (4.3)
where q^ and are the convective and radiative heat transfer rates,
respectively, p the fiber density, Cp its heat capacity, and V its
volume. The radiative heat transfer rate (qp) is expected to be domi-
nant due to the high heat treatment temperatures employed as well as
the dependence of qp on the fourth power of the temperature as given
by the Stefan Boltzmann equation (4.4)
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qp = A Fa(T„4 _ T4)
^^^^^
where A is the fiber surface area, F is the overall interchange
factor, a is the Stefan-Bol tzmann constant (5.6697 x 10-8 W/m2 - °k4)
and Too and T are the furnace and fiber temperatures (°K),
respectively.
Substitution of equation (4.4) into equation (4.3) allows for an
estimation of the time required for the fiber to reach the heat treat-
ment temperature (neglecting q^ for the moment). The density of PBT
fibers is approximately 1.5 g/cm3 (Chapter II) and the heat capacity
of PBT has been theoretically estimated by Barker [83] as 930 J/Kg-°K.
As in the example above, a 25 micron diameter fiber is considered for
typical heat treatment temperatures on the order of 600°C. In
particular, an oven temperature (T<„) of 900°K is taken along with
initial (Tq) and final (T) fiber temperatures of 300°K and 890°K,
respectively. The exchange factor F is dependent upon geometrical
considerations and upon the emissivity (e) of the fiber. Because the
heat treatment furnace completely encloses the fiber, the geometrical
component of F is approximately one and F may therefore be taken as
equal to the fiber emissivity [80] whose value is assumed to be 0.8.
Using these values, the time required for the fiber to reach 10°K less
than the heat treatment temperature (900°K) is approximately 0.3
seconds obtained from the integration of equation (4.3) combined with
equation (4.4).
The relatively short heat-up time estimated (0.3 sec), which
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neglects convective heat transfer, Indicates that the PBT fiber
thermal history may be conservatively approximated as one of constant
temperture over the length of the heat treatment chamber considering
that fiber residence times of 8-80 seconds are typically employed.
Additionally, as will be shown later, no substantial differences are
observed in the resulting fiber properties when this range of heat
treatment times is employed (at a given applied tension and
temperature), further supporting the neglect of the thermal induction
period.
4-4 Results and Discussion
"^•"^•^ Preliminary Experiments. The simple tubular oven used for pre-
liminary studies of the heat treatment of PBT fibers was found to
possess severe temperature gradients within the fiber chamber [84].
Measured temperatures along the oven length indicated a maximum tem-
perture near the middle of the oven as high as 150°C greater than the
end temperatures. Certainly, such severe profiles are undesirable for
any quantitative study of heat treatment, however, use of this appara-
tus was made in order to examine the potentials of heat treatment and
the influence of the various heat treatment parameters on the resulting
fiber properties. Values of the average heat treatment temperature
and fiber residence time reported here are based on the central two
thirds of the oven length where maximum temperature variations are
roughly one-half of the variations for the entire length (i.e. 70-80°C
instead of 150°C). As will be shown later, the results obtained with
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this apparatus using the central two-thirds of the oven to report
average heat treatment para.ters are comparable to those obtained with
the Grieve oven where
.ore uniform temperatures were maintained.
An as-spun PBT fiber* in the form of a five filament yarn spun
from an 11% by weight PBT solution in a solvent of 97.5/2.5 methane
sulfonic acid/chlorosulfonic acid was used for this preliminary heat
treatment study. While the exact molecular weight of PBT polymers are
generally not known, relative measures are given by inherent
viscosities. The intrinsic viscosity (in MSA at 25^0 of the polymer^
from which this fiber was produced is 18 dl/g. As spun, this fiber
possesses a tensile modulus of 180 GPa (1200 g/denier) and a tensile
strength of 1.5 GPa (9.5 g/denier). When heat treated by Celanese at
475°C for 32 seconds with an applied stretch of 1% the resulting fiber
modulus increased to 250 GPa (1800 g/denier) and the strength
increased to 1.9 GPa (13.5 g/denier). It will be seen that this
Celanese heat treated fiber possesses properties comparable to the
properties reported below for similar heat treatment conditions.
Figures 41 and 42 present the modulus and strength of fibers heat
treated afor 77 seconds at average temperatures of 430°C, 515°C, and
595°C as a function of the applied heat treatment tension per filament.
Each experimental point presented is the average obtained from twelve
tensile experiments. From Figure 41 it is seen that the applied
*Celanese Designation PBT fiber 27554-33-5-255
**Stanford Research Institute International designation: PBT 2122-72
IV=18 dJl/g
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tension during heat treatment has a significant effect on the
resulting fiber modulus, whereas no effect of tension on strength is
Observed as shown in Figure «. ,t should be pointed out that the
condition of zero applied tension during heat treatment was not
investigated in these earlv studios c,.k,» ,ny e . Substantial modulus and strength
enhancement in the heat treated fibers were observed for the 430«C and
515«C heat treatments. Tensile strengths of 2 GPa and tensile moduli
Of 240-280 GPa were achieved, with the higher values being associated
«ith higher applied tension during heat treatment. For both modulus
and strength, the 515"C heat treatment gave property values higher
than did the 430°C runs.
The upper limits of the applied tensions (300-500 MPa) plotted in
the figures represent stresses approaching the fiber strength at these
elevated temperatures. Due to the torque control of the dynamometer,
when one fiber breaks, total yarn breakage usually occurs as the
stress in the remaining filaments must increase to maintain the set
torque level. Observation of such yarn breakage while increasing the
torque level in a run provides for an estimate, albeit a low
estimate, of the fiber strength at the heat treatment temperature
used. Strength values obtained in this manner were included in Figure
26 of Chapter II.
It is obvious from both Figures 41 and 42 that the heat treatment
at 595°C (for the 77 second residence time) was detrimental to the
fiber mechanical properties. However, the heat treatments summarized
in these two figures were performed without a cooling chamber for the
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fiber exiting the oven. In other words, the hot PBT yarn exiting the
oven was simply exposed to room atmosphere where possible degradation
may occur. In fact, for the 595°C case, it was observed that the yarn
breakage occurred at the oven exit when the tension was increased.
Earlier annealing studies in air revealed that at tempertures above
450°C a significant deterioration in fiber mechanical properties
results with the fiber becoming black and brittle, most likely due to
oxidative degradation. For these reasons a nitrogen atmosphere
cooling chamber was added to the oven exit to minimize exposure of the
hot yarn to atmospheric oxygen.
Figures 43 and 44 present heat treated fiber properties for this
same PBT yarn heat treated at 595°C. with the use of a nitrogen after-
cooler, for a number of residence times. A comparison of the results
obtained for the 77 second residence time with the data of the two
previous figures indicates the beneficial influence of the cooling
chamber in minimizing oxidative attack. From Figures 43 and 44 it
appears that the applied tension is not nearly as influential as the
residence time or temperature.
These results indicate that the higher the temperature during heat
treatment, the higher the resulting fiber strength, the highest
strengths (~ 2.5 GPa) being obtained for the 595°C heat treatment.
Additionally, the residence time is equally important; the fiber pro-
perties being degraded for relatively long times (77 seconds) at the
high temperatures. It is interesting to note, however, that higher
values of modulus were obtained for the 430°C and 515°C heat treatments
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than for the 595°C heat treatments. While
.any questions still
remain, these preliminary experiments demonstrated the potential of
using a heat treatment process to enhance the tensile modulus and ten
sile strength of as-spun PBT fibers. Moduli of up to 280 GPa (1800
g/denier, 55% improvement) and strengths of up to 2.5 GPa (16
g/denier, 68% improvement) were obtained. Additional heat treatments
employing various residence times and other temperatures and
atmospheres are explored in the following sections.
"^'^'^ ll^lLlLeatme^^ The preliminary heat
treatment studies of a methane sulfonic acid (MSA) spun PBT fiber
reported in Section 4.4.1 indicated that temperatures greater than
500 °C were most desirable for enhancement of fiber mechanical
properties. In particular, it was observed that to significantly
affect fiber strength, temperatures approaching 600°C were required.
Additionally, it was observed that relatively short times (8-15
seconds) were best, the longer times resulting in a relative degrada-
tion of fiber modulus and strength. In order to compare the prelimi-
nary results obtained with the severe oven temperature profiles with
results obtained with the heat treatment apparatus of Figure 40, the
heat treatment of a similar MSA spun fiber was investigated before
pursuing a study of polyphosphoric acid (PPA) spun fibers. Due to the
small amount of as-spun fiber remaining from the early study, another
MSA spun fiber* was chosen for this study. While the characteristics
* Celanese designation: PBT fiber 28555-21-11
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of the two as-spun fibers differ so.ewhat. especially in ter.s of
polymer IV (this new fiber being processed fro. a poly.er** of IV-31
dil/g) their as-spun mechanical properties were similar.
The heat treatment of this MSA soun prt fih^r. .OM p PBi fiber was carried out at
450°C for residence times of 6 ?n fii oaaui 0, du, 61 and 244 seconds and at 500°C
and 550°C for times of 4, 8 and 20 seconds. For each temperature and
time combination, the stress applied to the yarn during heat treatment
was varied between 0 and 200 MPa (1.3 g/denier). Fiber modulus and
strength data from the various heat treatment conditions explored are
given in Table 7 and are graphically summarized in Figures 45 - 48.
The tensile stress-strain behavior exhibited by these heat treated PBT
fibers was essentially linear elastic such as indicated in Figure 9 of
Chapter II.
Heat treated fiber modulus was found to be most sensitive to the
applied stress and to the temperature of heat treatment. Figure 45
graphically illustrates a trend of increasing fiber modulus for
increasing heat treatment tension for a temperature of 550''C. The
trends are similar for the other temperatures investigated and there-
fore additional plots such as Figure 45 would be redundant. The
effect of temperature is more easily observed in Figure 46, where heat
treated fiber modulus is plotted vs. heat treatment temperature for an
applied tension of the order of 160 MPa (1 g/denier). Surprisingly,
the relative increase in fiber modulus is seen to have a decreasing
SRI designation: PBT polmer 3271-9, IV - 31 d£/g
TABLE 7
Heat Treatment Summary for MSA Spun PBT Fiber
Heat Treatment Parameters
Temperature Time Tension
(Sec) (MPa)
Tensile
Modul us
(GPa)
Tensile
Strength
(GPa)
AS-SPUN
450 244
450 61
450 20
450
500 20
500 8
200 + 5
40 245 + 10
-7 J 265 + 5
155 265 + 10
190 270 + 15
200 280 + 10
0 250 + 10
4fi 2bU + 10
90 265 + 10
135 270 T 10
165 270 + 10
205 280 T 10
u OCA •250 + 10
40 280 + 10
130 275 + 20
165 295 + 10
215 290 + 10
0 255 + 10
35 270 T 10
75 280 + 15
130 280 + 20
170 280 T 10
0 200 + 10
40 240 + 15
90 245 + 10
125 255 + 5
170 235 + 10
0 225 + 10
35 245 + 10
90 265 + 10
125 275 + 10
190 280 + 10
205 280 + 10
1.8 +_ 0.1
2.2 + 0.3
2.3 + 0.2
2.4 + 0.1
2.3 + 0.1
2.2 + 0.3
2.2 +
2.1 T
2.1 +
0.2
0.2
0.2
2.2 + 0.4
2.2 +
2.2 T
0.2
0.2
2.0 + 0.2
2.0 + 0.2
2.2 + 0.2
2.2+0.2
2.3 + 0.2
1.9 + 0.2
2.2 + 0.2
2.3 + 0.1
2.2 + 0.2
2.0 + 0.2
2.1 + 0.1
2.0 + 0.2
2.0 + 0.1
1.9 + 0.2
2.0 + 0.1
2.0 + 0.2
2.0 + 0.2
2.1 + 0.2
2.0 + 0.2
2.0 + 0.2
2.0 + 0.2
TABLE 7 (Continued)
Heat Treatment Parameters
Temperature Time Tension JoSul'is
( C) (Sec) (MPa) (QPa)
500
550 20
550 8
550
600
650
8
8
0 x cD
40 4.
I 1 n
80 260 4.r i. u
130 265t— \j \j I 1 n
170 275 T 10
200 255 T 10
0 230 + 10
40 245 10
90 260 + •J
130 265 T 10
175 260 T 15
205 275 T 10
0 235 + 5
40 250 T 15
90 260 *+ 10
130 270 T 10
170 265 T 15
205 270 T 10
0 225 + 5
40 240 T 10
85 245 T 10
125 255 T 10
170 270 T 10
0 235 + 15
0 235 + 10
Tensile
Strength
(GPa)
1.9 + 0.2
2.1 T 0.2
2.0 T 0.2
2.0 T 0.2
2.1 T 0.2
2.1 T 0.2
2.4 + 0.1
2.3 T 0.2
2.3 T 0.2
2.4 T 0.2
2.2 T 0.2
2.3 T 0.2
2.1 + 0.3
2.2 T 0.3
2.1 T 0.2
2.1 T 0.3
2.1 T 0.3
2.1 T 0.2
2.2 + 0.1
2.1 T 0.2
2.2 T 0.2
2.2 T 0.1
2.2 T 0.2
2.0 + 0.2
2.8 + 0.2
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dependence on heat treatment temperature; however, all heat treated
fiber moduli (250 - 280 GPa) are significantly higher in value than
the as-spun fiber modulus of 200 GPa.
From an examination of the data (Table 7, Figures 45. 46) it is
Observed that an increase in fiber modulus can result even without the
application of stress during heat treatment. The application of
stress in the range of 0 - 100 MPa serves to further this modulus
enhancement, while additional modulus increase for higher tensions
(100 - 200 MPa) is minimal. Heat treatment times of 4, 6. 8 and 20
seconds give comparable results for a given temperature and stress
level, while the 61 and 244 second heat treatments at 450°C yielded
slightly lower modulus for a given tension than did the shorter times.
This study indicates that significant modulus enhancement can be
achieved (£^3 = 200 GPa, E^y = 250 - 280 GPa) through the heat treat-
ment of MSA spun fibers. The highest values of modulus (280 GPa) were
obtained for the 450°C, short time (6 - 20 seconds) treatment, higher
temperatures and/or longer times resulting in slightly lower modulus
values (250 GPa). Heat treatment results from the preliminary studies
(section 4.4.1) are also included in Figure 46 (open circles) and show
good agreement with the trends of the later study. The agreement bet-
ween studies (and between experimental set-ups) partially justified
the temperature averaging used for the original apparatus, and further
supports the trend of a slight modulus degradation for high tem-
peratures and long times. The cause of this slightly detrimental
effect on modulus of temperature and time is uncertain. Trace amounts
154
of residual solvent may be an important factor at these high
temperatures. Another factor could be that the 4 - 5 liter/min nitro-
gen flow rates used may be insufficient to sufficiently exclude oxygen
(a less likely reason, however, due to the relatively small furnace
volume). Additionally, the nitrogen atmosphere itself may be
unsuitable as an inert medium at the higher temperatures.
Heat treated fiber strengths were found to be relatively insen-
sitive to both the applied tension and residence time for this MSA
spun fiber. The temperature of heat treatment appears to be the most
important parameter for strength enhancement. A fiber strength of 2.4
GPa was obtained for a 550°C heat treatment compared to the as-spun
strength value of 1.8 GPa.
Figure 47 summarizes the effect of heat treatment temperature on
the resulting fiber strength (for an applied tension of approximately
160 GPa) observed for this study. Also included in this figure are
the strength values obtained in the previous study (section 4.4.1,
open experimental points). A slight increase of fiber strength with
increasing heat treatment temperature is observed, while all heat
treated fiber strengths are substantially higher than the precursor
fiber strength. As mentioned above, fiber strength was found to be
insensitive to the applied tension during heat treatment for tensions
of 0 - 200 MPa and for the range of temperatures and times
investigated. Due to the increasing trend of strength with heat
treatment temperature it appeared desirable to extend the study to
higher temperatures in hopes of achieving further strength improvements
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(but presumably causing slightly lower modulus).
In order to conserve fiber, only zero applied tension heat treat-
ments were performed at 600°C and 650°C for a residence time of 8
seconds. Fiber strengths for the zero tension heat treatments are
summarized in Figure 48. These results show that the highest tem-
perature examined (650''C) yielded the highest strength (2.8 GPA, 18
g/denier), so that in order to achieve maximum strength enhancement,
examination of heat treatment temperature in excess of 600°C is
warranted. Unfortunately, due to the insufficient length of fiber
remaining, examination of such high temperature conditions could not
be performed. This is especially unfortunate as regards the effect of
such high temperatures on the resulting fiber modulus of MSA spun
fibers, which it appears from Figure 46 may be slightly degraded at
these temperatures relative to lower temperature heat treatments.
Examination of temperatures in excess of 600°C are however considered
in the following section where polyphosphoric acid spun PBT fibers are
investigated.
4.4.3 Heat Treatment of PPA Spun PBT Fibers
. The previous heat
treatment studies dealt with fibers produced by the dry-jet wet
spinning of methane sulfonic acid/PBT dopes and did not consider
polyphosphoric acid spun PBT fibers. In this section the heat treat-
ment of a PPA spun fiber* is summarized and compared with the trends
* Celanese designation: PBT Fiber 29022-12-5.
SRI designation: PBT polymer 2895-32, IV = 14 dSi/g
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observed for the MSA spun fibers Fnr thic of aHiJM Moer . ho this study, nitrogen flow rates
of approximately 10 liters/min were used as compared with the 4 - 5
liter/min flows in the previous case (Section 4.4.2). Additionally, a
comparison between results obtained with these two different nitrogen
flow rates was made to evaluate this additional parameter. The
results of this study are presented in Table 8 and in Figures 49 - 54.
Applied tension during the heat treatment of MSA spun fibers was
observed to be unimportant for the enhancement of fiber strength. For
a preliminary study of the heat treatment of polyphosphoric acid spun
PBT fibers it appeared that the use of zero tension heat treatments
would perhaps define the best temperature range for heat treatment.
If the PPA spun fibers behave in a similar manner as the MSA spun
fibers, such an investigation would define an optimum temperature for
strength enhancement or at least help define an upper temperature at
which degradation becomes significant.
Zero tension heat treatments (annealing) have been carried out
over the temperature range of 450°C - 690°C for this as-spun PPA/PBT
fiber. Figures 49 and 50 summarize modulus and strength, respectively,
of heat treated fibers for this range of annealing temperatures.
Slight modulus improvements are observed for temperatures up to 650°C
while fiber strength remained the same or decreased slightly for this
same temperature range. For the two highest temperatures examined
(660°C, 690°C) a significant degradation of both modulus and strength
(when compared to as-spun properties) was observed. This behavior is
qualitatively different than what was observed for the MSA spun fibers
TABLE 8
Heat Treatment Summary of PPA Spun PBT Fiber
Heat Treatment Parameters
Temperature Time Ten<;inn Tensile
(°r\ /c \ '^"s o Modulus Strenath
AS-SPUN 150 + 25
450
8
10
10
10
0
55
115
175
190 + 35
210 T 15
180 + 35
330 + 40
460 81 0 170 + 15
500 8
81
0
0
180 + 30
200 + 20
550
8
10
10
10
0
50
115
160
190 + 45
265 + 15
295 T 35
315 + 30
570 81 0 185 + 30
600
8
QO
8
8
8
0
o
o
45
120
165
180 + 30
100 + 15
250 + 20
310 + 30
270 + 50
600
326
326
326
115
150
210
260 + 25
250 + 30
280 + 30
625 8
8
135
185
295 + 35
310 + 30
625 40
40
135
185
305 + 30
305 + 30
625* 40
40
135
185
340 + 25
345 + 50
1.6 + 0.3
1 • 0 1X 0
1 ft +
9 n T n A
L5 + 0.1
1 Ai • o T
1.7 T 0.3
1 R1*0 X n A
2.0 T 0.2
2.2 T 0.3
0 0 + 0.3
1.7 + 0.3
1 A + U. c.
0.9 T 0.1
2.2 T 0.3
2.4 T 0.3
2.2 T 0.4
2.8 + 0.3
3.0 T 0.3
3.2 T 0.3
2.8 + 0.3
2.8 T 0.3
3.2 + 0.3
3.1 T 0.3
3.1 + 0.2
3.1 T 0.5
160
TABLE 8 (Continued)
Heat Treatment Parameters
Temperature Time Tension
(Sec) (MPa)
Tensile
Modul us
(GPa)
Tensile
Strength
(GPa)
625
640
650
665
690
715
81
81
81
81
8
8
8
8
8
8
10
10
10
10
10
10
10
10
10
10
0 200 + 30
100 245 + 35
140 coo T OU
195
3 165 + 20
30 225 T 25
75 coo T* OU
140
195 300 T '^n
0 200 + 20
0 90 + 35
85 305 + 30
135 335 + 35
0 95 + 25
90 245 + 30
140 280 + 25
175 320 + 20
80 200 + 40
135 220 T 30
180 225 + 35
1.4 + 0.3
2.6 + 0.3
3.1 + 0.3
2.7 + 0.3
1.2 + 0.3
1.6 + 0.3
2.4 + 0.3
2.7 + 0.5
3.0 + 0.4
1.9 + 0.3
0.7 + 0.3
2.5 + 0.5
3.1 + 0.2
0.6 0.2
2.4 + 0.3
2.8 + 0.3
3.1 + 0.5
1.8 + 0.2
2.2 + 0.3
2.3 + 0.4
* Vz normal nitrogen flow rate
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where strength improvements were realized for all zero stress heat
treatments. With this initial information, a series of tensioned heat
treatments of this fiber were performed for the temperature range of
450°C
-
715°C With most of the work focused at temperatures around
650«C, for residence times of 8 - 10 seconds. The effect of longer
residence times is discussed later.
Significant enhancement of fiber modulus resulted from the heat
treatments investigated, with heat treated fiber moduli of up to 340
GPa (~ 2500 g/denier) being achieved. Figure 51 illustrates the trend
observed for all temperatures: increasing modulus of the heat treated
fiber for higher values of tension applied during heat treatment. In
contrast to the more slowly increasing trend of modulus with tension
for the MSA spun fiber (Figure 45), the trend in Figure 51 indicates a
very strong dependence of modulus on the tension applied during heat
treatment.
The trend shown in Figure 51 of higher modulus for increasing
values of tension was observed at all the temperatures investigated
(Table 8) so that additional plots would again be redundant. The
importance of heat treatment temperature on the resulting heat treated
fiber modulus is illustrated in Figure 52, where the values plotted
are for an applied tension of approximately 130 MPa (approximately 1
g/denier). It should be pointed out, however, that these values of
modulus do not correspond to the maximum values obtained at the given
temperatures. Higher values of modulus than those shown in Figure 52
were obtained at each temperature by using tension greater than
164
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130 MPa (Table 8). The 130 Wa data 1s plotted since this value Is
common to most of the experiments enabling a comparison between heat
treatment temperatures.
In comparison with the decreasing trend of heat treated fiber
modulus with increasing heat treatment temperature observed for the
MSA spun fiber (Figure 47). a level or slightly increasing trend is
Observed for this PPA spun fiber (Figure 52). Modulus values in the
range of 300 GPa - 330 GPa were obtained for this fiber for heat
treaments in the range of 450°C - 660°C for an applied tension of
- 130 MPa. Above approximately 680°C, the modulus of the heat treated
fibers is observed to be lower than 300 GPa and further decreases with
increasing temperature (690°C and 715°C). This "upper temperature
limit" of about 680°C for maximum enhancement of modulus corresponds
fairly well with that seen in the zero tension heat treatment study.
The previous studies have shown that while significant modulus
enhancement is easily obtained for heat treatment temperatures of
450°C - 600°C, strength enhancement has been only minimal in this
range. The zero applied stress heat treatments discussed earlier did
not yield strength improvements for this PPA spun fiber as was however
observed for the MSA spun fiber (Section 4.4.2). For these reasons
heat treatment with stress was pursued for temperatures above 600°C
where it will be shown that significant strength enhancement resulted.
Strength improvement in this PPA spun fiber was found to be
strongly affected by the tension applied during heat treatment, in
sharp contrast to what was observed for the MSA spun fiber. Figure 53
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indicates a marked improvement in heat treated fiber strength for
higher applied tensions observed for a 6WC heat treatment. Similar
trends were observed at the other temperatures Investigated, as can be
seen from an examination of Table 8.
A comparison of heat treated fiber strength obtained for an
applied stress of ~ 130 MPa (1 g/denier) is given in Figure 54 for the
various temperatures used. As was the case for fiber modulus, these
strengths are not the highest strengths obtained for each of the
temperatures, but the strength resulting from an applied tension of
- 130 MPa. In contrast to what was observed for fiber modulus (Figure
52), there is a substantial effect of the heat treatment temperature
on the resulting fiber strength. Higher strength is obtained for
higher temperatures in the range of 450°C - 670°C, while heat treat-
ment above this temperature range exhibits a degradation in strength
level for increasing temperature.
The tensioned heat treatment of this PPA spun fiber for tem-
peratures in the range of 630 - 670°C resulted in a fiber strength of
3 - 3.2 GPa. This represents a significant improvement over the as-
spun fiber strength of 1.6 GPa. In order to achieve these high values
of strength, tensions of 120 - 200 MPa (1 - 1.5 g/denier) applied to
the fiber furing heat treatment were necessary. Higher tension values
could not be examined due to the occurance of yarn breakage for ten-
sions approaching 200 MPa. The tension control is perhaps the major
disadvantage of the experimental design in that the dynamometer main-
tains a constant force on the yarn so that if one filament breaks.
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the resulting increase in stress on the remaining filaments generally
causes total yarn breakage. Heat treatment with stretch control would
be a more stable design (for yarns possessing few filaments) allowing
for stresses approaching 200 MPa in the yarn without total yarn
breakage should a single filament break occur.
The heat treatment results discussed above were for either an 8
or 10 second residence time. Longer residence times have also been
examined for both tensioned and non-tensioned heat treatment. Figures
49 and 50 contain data for both 8 and 81 second residence times for
the zero tension heat treatments (see figures for explanation). For
these two residence times, similar results were obtained for the tem-
perature range examined. Tensioned heat treatments for 8, 40 and 81
seconds at 625°C and for 8 and 326 seconds at 600°C were also
examined, the results of which are included in Table 8. Given the
range of variability from sample to sample found in the measurements
of strength and modulus it appears that the 8, 40 and 81 second heat
treatments at 625°C yielded similar results. The long heat treatment
(~ 5 min) at 600°C, however, seems to indicate a slight deterioration
of fiber modulus over that obtained for the 8 second treatment, while
the strengths obtained were higher (3 GPa vs. 2.4 GPa). Future work
should include an examination of longer residence periods for tem-
peratures of 650"C or higher, where, it might be expected that
modestly higher strength and comparable modulus (relative to the runs
of 10 seconds) would be produced. From this study then, it appears
that residence times of from 8 seconds to one minute for tensioned
heat treatments at temperatures near 650»C are best for producing high
strength/high modulus PBT fibers spun from polyphosphoric acid
sol utions.
The question of how high a nitrogen flow rate in the heat treat-
ment chamber is required to effectively provide an inert atmosphere
was raised for the study of MSA spun fibers (section 4.4.2). In that
study nitrogen flow rates of 4 - 5 liters/min were employed whereas in
the present study of PPA spun fibers a flow rate of approximately 10
liters/min was used. To provide a comparison between these flow
rates, samples were heat treated at 625°C, with a 40 second residence
time for both 130 MPa and 190 MPa applied tension on this PPA spun
fiber for nitrogen flow rates of 5 liters/min and 10 liters/min. The
results of this comparison are included in Table 8 (* data) and
indicate that comparable modulus and strength are obtained for both a
5 liter/min and a 10 liter/min nitrogen flow rate during heat treat-
ment. This result would seem to indicate, then, that for the MSA spun
fiber, the relative degradation of fiber modulus at high heat treat-
ment temperatures is not simply the result of insufficient nitrogen
flow but is related to some aspect of the fiber such as the possible
presence of residual traces of methane sulfonic acid.
Another question not as yet raised is the suitability of nitrogen
to provide an inert atmosphere at the extremes of temperatures used in
the heat treatment chamber. It appears to be well known to chemists,
but not to engineers, that nitrogen can be reactive to polymers at
temperatures in excess of 600°C [85] and generally results in polymer
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degradation. The che.ica, effect of nltnogen at elevated temperatures
has certainly not as yet been investigated; if anything, it has been
neglected. As a preliminary check on nitrogen reactivity effects on
the mechanical behavior of heat treafpH prt f,Kn dL ted PBT fibers, comparison heat
treatments in argon have been carried out at 665°C and at 730%.
Table 9 compares mechanical properties of PBT fibers heat treated
in argon with those heat treated in nitrogen for 10 second residence
times with an applied stress of 130 MPa. The properties of the nitro-
gen heat treated fiber are higher than those of the argon heat treated
fiber at 665%, whereas the reverse is true for heat treatments above
700%. Above 700%, fibers heat treated in nitrogen become very
brittle, shattering after tensile failure or brittlely snapping in
bending. Fibers heat treated in argon at 730%, however were observed
to possess a 'normal' non-brittle behavior typical of as-spun and
lower temperature heat treated PBT fibers. These results indicate
that above 700%, nitrogen is detrimental to further enhancement of
PBT fiber mechanical properties, while argon may not be.
Above a heat treatment temperature of approximately 600% in
nitrogen, it was observed that the heat treated PBT fibers were blue
in color compared with the reddish color of the as-spun fiber. For
heat treatment temperatures below 600% in nitrogen, heat treated PBT
fibers are reddish-brown in color. The PBT fiber heat treated in
argon at 665°C was reddish-brown in color as compared with the blue
color exhibited by fibers heat treated at the same temperature in
nitrogen. The fiber heat treated at 730% is argon, however, was blue
173
TABLE 9
Comparison of Argon and Nitrogen Atmosphere Heat Treatments
Atmosphere Temperature Modulus strength
Argon 2« 2.5
730 270 2.6
Ni trogen
665
715
330
210
3.0
2.1
174
in color. None of the fibers of Table 9 would dissolve in either
methane sulfonic acid on polyphosphoric acid, although swelling of the
fibers was observed with the argon heat treated fibers exhibiting a
higher degree of swelling. The mechanical properties of the fiber
heat treated in nitrogen at 665°C are superior to those of the argon
heat treated fiber, certainly suggesting an important role of the heat
treatment atmosphere and the possibility of chemical and structural
modifications occuring during heat treatment. Additional use of argon
as a heat treatment atmosphere is left for future considerations, as
well as the examination of chemical modifications occuring in nitrogen
heat treatment atmospheres.
A cursory examination of the influence of polymer molecular weight
on the resulting properties of heat treated PPA spun PBT fibers can be
made by comparing the fibers discussed above (initial polymer IV = 14
dJl/g) with fibers* produced from an IV = 31 d£/g polymer**. Table 10
compares as-spun and heat treated fiber properties for these different
molecular weight materials. It is perhaps most interesting to note
the much higher as-spun strength of the higher molecular weight fiber
(2.6 GPa vs. 1.7 GPa). While substantial enhancement of strength
resulted from heat treatment of the IV = 14 fiber no change in
strength was observed for the IV = 31 fiber, with both fibers
possessing extremely high strength values. The relative modulus
* Celanese designation: PBT fiber 29022-14-4
** PBT polymer 3271-9, IV = 31 dJl/g
175
TABLE 10
TENSILE PROPERTIES OF PBT FIBERS PRODUCED FROM DIFFERENT
INTRINSIC VISCOSITY POLYMERS
PolymerlV Fiber Modulus strength
^^'/^^ (GPa) (GPa)
31
14
As-Spun 110
Heat Treated* 210
As-Spun 175
2.6
2.6
1.7
Heat Treated* 330 3
* 665''C, 10 seconds, ~ 130 MPa stress
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enhancement (E„t/Eas) resulting fr« heat treatment was comparable for
both fibers (~ 1.9); .owever. the lower ,v heat treated fiber modulus
U substantially higher. Whether or not these differences are related
to molecular weight through differences in chain mobility and hence
the ability of molecules to form more perfect structures during heat
treatment is uncertain because of the many factors involved. A more
detailed study of molecular weight effects as regards heat treatment
behavior is definitely required.
4.5 Summary and Conclusions
The heat treatment studies of both MSA spun and PPA spun fibers
indicate the importance of a heat treatment process in achieving
ultra-high values of tensile mechanical properties. While there are
qualitative differences between the heat treatment behavior of these
two types of fibers, the range of heat treatment temperatures required
to achieve maximum enhancement of tensile properties is similar.
Many important questions still remain unanswered dealing with possible
reactions at elevated temperatures due to residual solvents/coagulants
in the fibers and/or the heat treatment atmosphere, the importance of
polymer molecular weight and certainly other factors not as yet
considered.
It had originally been hoped to find a correspondence between the
effects of thermal energy and mechanical energy input during heat
treatment such that a single energy parameter might be defined to
correlate the results. For example, isomodulus or isostrength contours
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were looked for as a function of the heat treatment parameters (on a
three dimensional plot or triangular diagram of temperature, time and
stress) to find equivalent conditions for the production of a par-
ticular modulus or strength value. While the number of experimental
conditions actually investigated is quite large (Tables 7,8). the
large amount of variability of modulus and strength combined with
the number of possible conditions yet to be explored prohibited such a
correlation of results with heat treatment parameters. In order to
pursue this area further, fibers of better uniformity as well as exa-
mination of lower temperature, higher stresses and longer times would
be needed.
While posing more questions than it answered, this heat treatment
study has. however, yielded specified processing conditions enabling
significant improvements in fiber modulus and fiber strength for heat
treated fibers relative to the as-spun fiber. For the production of
heat treated fiber possessing a modulus of 300 GPa and a strength of
3 GPa temperatures of 630°C - 670°C with residence times under one
minute were required. The application of tension or stretch to the
fiber during heat treatment is also essential for attaining these
properties. Tensions of 150 MPa - 200 MPa (which approach the fiber
strength at these high temperatures) are required, or it would seem
equivalent, a stretch ratio approaching that at which filament
breakage begins to occur. Heat treatment for lower temperatures
and/or lower tensions results in lower modulus and strength.
Temperatures above 680°C in a nitrogen atmosphere lead to an onset of
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degradation of mechanical properties, and it should be noted that the
fiber becomes brittle (shattering into many pieces after a tensile
test). Tensions above 200 MPa lead to yarn breakage at temperatures
above 600°C. The best conditions for heat treatment appear, then, to
boarder on conditions where the onset of degradation begins.
Structural changes associated with this enhancement of fiber proper-
ties resulting from post spinning heat treatment will be considered in
the following chapter.
CHAPTER V
STRUCTURE-PROPERTY CORRELATIONS IN HEAT TREATED
PBT FIBERS
5. 1 Introduction
Investigations of structure-property relationships for high per-
formance materials based on extended chain macromol ecul es are few in
number owing to the relative infancy of this class of materials as
well as their limited availability. The present availability of high
modulus/high strength fibers of poly- (p-phenyl ene benzobisthiazole) in
conjunction with the means of altering structure and properties of
these fibers through heat treatment processing provides for an
excellent opportunity in which to pursue structure-property rela-
tionships of extended chain polymers. In this chapter structural
features of heat treated PBT fibers are compared with mechanical pro-
perties to examine possible structure-property correlations.
Initial structural investigations (Section 5.3.1) have employed
electron diffraction, electron microscopy and x-ray diffraction to
explore the suitability of these methods to identify major structural
differences between heat treated PBT fibers possessing differences in
mechanical properties. Further use of x-ray di ffractometry to examine
PBT fibers selected from the heat treatment study of Chapter IV
Section 4.4.3) enabled a more systematic comparison to be made between
structural features and mechanical properties as well as between heat
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treatment conditions and associated structural changes (Section
5.3.2)
.
Mechanical properties exhibited by heat treated PBT fibers
are discussed in light of the x-ray diffraction information and the
fibrillar morphology of the fibers along with comparison to other high
.odulus/high strength fiber morphologies and properties (Section
5.3.3)
.
(Additional microstructural information generated from these
studies is presented in Appendix II along with a comparison to
existing views of PBT molecular order).
5.2 Experimental
Wide angle x-ray diffraction studies have been carried out
employing both di ffractometric and flat film techniques on a represen-
tative number of fibers taken from the heat treatment studies of
Chapter IV. Fiber samples were prepared by carefully winding a length
(~ 30 cm) of yarn (5-20 filaments) around cardboard mounts to provide
a bundle of fibers roughly 8 mm x 1.5 mm over the hole in the mount.
Flat film fiber patterns were obtained in a Warhus (Statton) camera
employing pin-hole (0.2 mm) collimation and a sample to film distance
of either 18 mm or 54 mm. Di f fractometer (28) scans of equatorial
reflections were obtained on a Siemens D-500 di ffractometer employing
line focus collimation. Incident beam di ffractometer slits of 0.3°
(26) with a final slit of either 0.05° or 0.15° (26) were used for a
scan rate of 0.2° (28)/min. Azimuthal breadths of major equatorial
reflections were also obtained by rotation of the fiber sample about
a direction perpendicular to the incident beam (Huber pole figure
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device). CuKc. tubes operated at 40 KV and 30 .A were used for both
the Warhus ca.era and Siemens di ffracto.eter. A lead aperture «as
placed over the mounted fibers to nrpv/ont cr. •lu 10 prevent spurious scattering from the
cardboard mount.
selected single fila.ent flat fil. patterns were also recorded on
a Phillips microfocus camera with an Elliot rotating anode generator
(CuKc. 45 KV. 40 .A), as well as optical densitometry of patterns, at
the Air Force Materials Laboratory by Messrs. G. Price. E. Obrian and
W.W. Adams.
Transmission electron microscopy and selected area electron
diffraction investigations were performed with the aid of
Dr. K. Shimamura and Mr. D. Alward using a JEOL 100 CX operated at
100 KeV. Thin fiber fragments for electron microscopy were prepared
by detachment replication [25]. Care was taken to make optical
adjustments on areas adjacent to the regions where diffraction pat-
terns or micrographs were subsequently obtained in order to minimize
sample electron beam damage. It should be noted that Minter [25] has
measured a radiation dose lifetime of 1.6 C/cm^ for PBT indicating
high irradiation stability relative to other polymers (e.g. 4 x 10-3
C/cm2 for polyethylene).
Tensile mechanical properties reported here are taken from Chapter
IV. Torsional modulus and critical torsional strain values of heat
treated PBT fibers were obtained from free torsional vibration and
twisting methods as described in Chapter III.
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5.3 Results and Discussi on
^•3.1 InitiaLitru^^
^^^^^^^^^^^ ^^^^^^^
Of an MSA spun PBT fiber* were undertaken with Dr. K. Shi.a.ura to
evaluate microstructural changes associated with heat treatment [86].
Three samples of this fiber were examined: as-spun (AS), annealed at
300°C for 30 minutes (HT) and tensioned (150 MPa) annealed at 300°C
for 30 minutes (THT). Table 11 compares tensile modulus and tensile
strength for these three fibers: AS. HT and THT. Both an enhancement
of tensile modulus and tensile strength resulted from the heat treat-
ment of the as-spun fiber with the greatest enhancement of modulus
observed for the tensioned heat treated fiber. Figure 55 compares
selected area electron diffraction patterns of fibers AS and THT (both
fibers HT and THT gave comparable patterns). Also included in Figure
55 is a schematic representation of a PBT diffraction pattern indi-
cating the reflection notation convention and angle designation
adopted in this work.
Differences in lateral molecular order of the PBT molecules exist
between the AS and THT (or HT) fibers as evidenced by differences in
their equatorial scattering as seen in Figure 55. The AS fiber
electron diffraction pattern exhibits two diffuse equatorial reflec-
tions (ei,e2) while that of the THT fiber exhibits sharper ei and
62 reflections along with a splitting of the higher angle reflection
* Celanese designation: PBT 27554-9-10
SRI designation: PBT Polymer 2122-57, IV = 18 dJi/g
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Table 11
COMPARISON OF AS-SPUN, ANNEALED AND TENSION ANNEALED PBT FIBERS
Sampl
e
Condition
Tensile
Modul us
(GPa)
AS As-Spun* 125
HT Annealed
300°C, 30 min.
150
THT Tension Annealed
300°C, 30 min.
150 GPa
235
Tensile
Strength
(GPa)
0.8
1.0
1.0
* Celanese: PBT Fiber 27554-9-10
SRI Polymer 2122-57
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iez) into at least three distinct peaks Indicative of an Improvement
in the extent and perfection of the lateral molecular order upon heat
treatment. Both diffraction patterns in Figure 55 exhibit diffuse
meridional layer lines with an absence of (h k type reflections
denoting a lack of three dimensional order for both the AS and THT
fibers.
The Improvement in the lateral molecular order as a result of heat
treatment was also examined by dark field electron microscopy. Figure
56 compares (ei + ez) dark field images of the AS and THT fiber
fragments. The dark field image from the AS fragment displays a uni-
form gray level suggesting at best a very small « 2 nm) size of any
ordered regions [25.87]. Dark field images of the THT fiber fragments
reveal a much larger scale diffraction contrast. Roche et al
. [24]
and Minter [25,87] have performed more quantitative studies of similar
heat treated PBT fibers and films and report dimensions of these
coherently scattering regions as approximately 10 nm wide by 15 nm or
more long (with the longer dimension highly aligned in the fiber
direction).
An evaluation of the molecular orientation with respect to the
fiber axis, or more correctly with respect to the fragment axis, is
obtained from the relative azimuthal (y) spread of the equatorial
reflections (ei,e2). Both the as-spun and heat treated fiber
fragments exhibit near perfect molecular orientation giving rise to
the relatively small (~ 10° Ay) azimuthal spread of the equatorial
reflections.
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As stated above both the HT and THT fibers displayed similar
selected area electron diffraction patterns as well as dark field
images. While both these fibers exhibit comparable microstructural
features, as revealed by this cursory study, the mechanical properties
Of these two fibers are quite different, e.g. fiber modulus (Table
11). Because of the limited amount of material actually examined by
electron microscopy (small fragments taken from the fiber surface)
along with the possible existance of skin-core morphological
differences, it is therefore desirable to additionally employ x-ray
diffraction techniques to study fiber structure in that bulk average
structural information is obtained which may perhaps better correlate
with bulk mechanical properties.
Wide angle x-ray diffraction was used to examine microstructural
features of an MSA spun PBT fiber* (similar to the fiber examined by
electron microscopy) in both as-spun and heat treated form. The fiber
samples examined are designated: AS, as-spun fiber; THTl, fiber heat
treated with tension at 430°C; and THT2, fiber heat treated with ten-
sion at 600°C. Table 12 compares both mechanical and structural
characteristics of these fibers (mechanical property data being taken
from Section 4.4.1). As seen in the table, fibers AS and THTl possess
the same shear modulus and shear strength; however, the tensile modu-
lus of THTl is significantly greater than that of fiber AS, while the
* Celanese designation: PBT fiber 27554-33-5
SRI designation: PBT polymer 2122-72, IV = 19 di/g
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Table 12
COMPARISON OF AS-SPUN AND HEAT TREATED FIBER PROPERTIES
Tensi le
Fiber Modulus
(GPa)
AS 180
THTl 260
THT2 260
Tensi le Shear
Strength Modul us
(GPa) (GPa)
1.6 1.5
1.8 1.5
2.5 1.5
Shear
Strength FWHM f
(MPa) (rad)
60 0.052
-0.37
60 0.018
-0.42
140 0.013
-0.41
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tensile strength is only slightly higher. Fiber THT2 possesses the
san,e high tensile modulus as does THTl, but exhibits
.uch higher ten-
sile and shear strengths.
A comparison of structural features of these three fibers was
Obtained fro. x-ra, di ffracto.eter scans of the
.ajor equatorial
reflections. Figure 57 compares the equatorial di ffracto.eter scans
for the parent and heat treated fibers of Table 12. The as-spun
fiber displays two rather broad equatorial reflections (e^.e^) while
the reflections displayed by THTl and THT2 are seen to be much
sharper. Additionally, in the case of the higher strength THT2 fiber,
two additional higher angle equatorial reflections (e3,e4) can be
resolved which for the THTl fiber appear only as a high angle
shoulder. Assuming that the peak widths (measured as the full width
at half maximum intensity above background, FWHM) are solely deter-
mined by the size of the lateral, coherently scattering regions, the
Scherrer equation (5.1) permits an estimate of the extent (L) of the
lateral coherence. In equation 5.1,
"^^ " (FWHM)sCose (^-^^
K is a constant usually assigned a value of 1, and A and 9 have their
usual meaning for scattering. The value of FWHM to be used in
equation 5.1, however, should be corrected for any instrumental peak
broadening. Equation 5.2 permits a separation of instrumental effects
(I) from that due to the sample (s) for either Cauchy or Gaussian peak
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Fig. 57 Equatorial 26 scans of fibers in Table 12
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(l^WHM)o5s = (FWHM)s + (FWHM)i (Cauchy)
^™%bs = e^WHM)^ ^ (FWHM)2 (Gaussian) ^''^^
profiles, instrumental broadening was evaluated, for the operating
conditions used, by measuring the FWHM of the 0.4968 nm spacing
diffraction peak (2e = 17.84°) of Hexamethyl enetetramine, which, due
to its large crystal size should have negligible size broadening. The
uncorrected values of FWHM of the first major equatorial reflection
(ei) for the 3 fibers are given in Table 12. After correction for
instrumental broadening the Scherrer equation yields Gaussian values
of 3 nm, 8.6 mn and 12 nm or Cauchy values of 3 nm, 9.6 nm and 14 nm
for the size of the lateral, coherently scattering regions perpen-
dicular to the ei planes for fibers AS, HTl and HT2, respectively.
Wide angle x-ray diffraction patterns of these three fibers have
also been obtained by W.W. Adams and G. Price at Wright-Patterson AFB.
From densitometer scans of the azimuthal (y) spread (see Figure 55) of
ei, a Herman's orientation factor (f) was obtained and is also pre-
sented in Table 12. For an equatorial reflection, an orientation
factor of
-0.5 would correspond to perfect axial molecular orientation.
The orientation factors of ei of the two heat treated fibers are
comparable (approximately
-0.4) and, as seen from the table, represent
a higher axial molecular orientation than for the as-spun fiber. The
orientation factors presented in Table 12 correspond to azimuthal
spreads (FWHM, Ay) of 17°, 14° and 13° for fibers AS, THTl and THT2,
respecti vely.
192
These preliminary results indicate the importance of the extent
and degree of perfection of lateral molecular ordering on PBT fiber
properties, particularly the tensile and shear strengths of the
fibers. It appears, however, that the axial fiber modulus is pri-
marily determined by the overall molecular and fibrillar alignment (as
measured by ei azimuthal breadths). A more systematic analysis and
comparison of microstructural and mechanical properties of heat
treated PBT fibers has been carried out on fibers taken from the PPA
spun PBT fiber heat treatment study of Section 4.3.3. Examination of
these fibers permits not only a comparison between microstructure and
properties but also of microstructure and processing conditions. The
results of this systematic study are summarized in the following
section.
5.3.2 Diffraction Studies of Heat Treated PBT Fibers
. The heat
treatment study discussed in Section 4.4.2 produced a series of heat
treated PBT fibers possessing a wide range of tensile mechanical
properties. Microstructural features of fiber samples taken from this
study and representative of the range of heat treatment temperatures
and applied tensions employed as well as of the range of mechanical
properties exhibited by heat treated PBT fibers have been examined by
x-ray di ffractometry.
The precursor as-spun PBT fiber* used for this study exhibits two
* Celanese designation: PBT fiber 29022-12-5
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major equatorial reflections (ei,e2) (similar to the as-spun fiber of
Figure 57) corresponding to d-spacing values of 0.554 nm and 0.345 nm.
The ratio {e./ez) of these d-spacing values is 1.6, close to the value
of /-3 suggested by Adams et al. [23] for hexagonal packing of cylin-
ders as a means of interpreting diffraction data of as-spun PBT
fibers. Considering that the molecular cross-section of PBT is more
elliptical than circular and that only two reflections are available
for structural analysis it seems reasonable that a near hexagonal
packing arrangement of the rod-like molecules is sufficient to
describe the structure of as-spun PBT fibers. The azimuthal spread
(FWHM, Am) of the equatorial reflections ei and ez for this as-spun
fiber are fairly small (15° - 18°) indicating that the rod-like PBT
molecules are highly aligned in the fiber direction. The tensile
properties of this as-spun fiber (150 GPa modulus, 1.7 GPa strength)
are impressive, illustrating the relative ease of obtaining high per-
formance properties from a highly aligned array of rod-like molecules.
Table 13 summarizes diffraction results and mechanical properties
of fibers heat treated for 8-10 seconds under an applied tension of
approximately 130 MPa for heat treatment temperatures of 450°C to
715°C. In the range of 10° - 35° scattering angle (28) all of these
heat treated fibers exhibited four equatorial reflections (ej - 64)
corresponding to d-spacing values of 0.585 nm, 0.351 nm, 0.315 nm and
0.295 nm (see for example Figure 57, THT2). The emergence of addi-
tional equatorial reflections (63, e4) in the case of heat treated PBT
fibers along with a shift of e^ and ez (with respect to as-spun
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Table 13
COMPARISON OF PBT FIBERS HEAT TREATED AT VARIOUS TEMPERATURES
(°C)
Heat
Treatment
Temperature
(Gaussian)
Lateral
Coherence
Si ze
(nm)
ei ez
Tp n <; i 1 p
Modul us
(GPa )
1 ens 1 1
e
Strength
Shear
Modulus
(GPa)
Critical
Torsional
Strain
(%)
450 8.5 6.1 ooU 2.0 1.2 3.4
550 8.8 6.4 315 2.3 1.2 4.1
600 11.3 7.2 270 2.2
640 10.0 6.6 305 2.7 1.3 4.2
665 10.7 7.0 335 3.1 4.8
690 11.8 6.8 320 3.1
715 10.2 7.0 225 2.3 1.5 9.6
As-Spun 1.8 1.9 150 1.6 1.1 4.6
8-10 second residence times, ~ 130 MPa tension
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values) indicates the existance of a higher degree of perfection of
the lateral molecular order as well as of an increase in density [24].
d-spacing values and relative peak intensities of the four equatorial
reflections (ei.e4) correspond fairly well with the monoclinic packing
arrangement proposed by Roche et al. [24] (see Figure 3, Chapter II).
[Additional diffraction data including analysis of the intensity at
higher and lower scattering angles is presented in Appendix II along
with a more extensive comparison with the Roche model].
In addition to an increase in the perfection of the local lateral
molecular order, increases in the extent (apparent crystallite size
via equations 5.1 - 5.2) of the lateral order are also observed as a
result of heat treatment. As shown in Table 13, the lateral coherence
size (Gaussian corrected) associated with ei and e2 increases with
increasing heat treatment temperature. The local extent of the
lateral molecular order (based on ei) is roughly 2 nm in the as-spun
fiber increasing to roughly 8 nm for a 450°C heat treatment and to
10 - 12 nm in fibers heat treated above 600°C. The Roche packing
model suggests that the planes giving rise to e^ and 62 are approxima-
tely perpendicular (y = 95.2°) so that a comparison of d-spacing value
with lateral coherence size for both e^ and 62 provides an estimation
of the number of chains (unit cells) comprising the lateral coherence
size. For the as-spun fiber such a comparison indicates bundles of
approximately 20 chains comprise the coherence size whereas bundles of
approximately 400 chains are calculated for fibers heat treated above
600°C.
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It is also interesting to note that the lateral coherence size (L)
evaluated for reflections ei and e2 differ in value. The ratio
Lei/Le2
^
^
approximately 1.5 based on the values in Table 13. This
Size ratio indicates that the cross-section of a PBT "crystallite" is
approximately rectangular with a ratio of side lengths of roughly
1:1.5. Two additional points are worth noting. The 10 - 12 nm
coherence sizes reported in Table 13 were based on a Gaussian profile
correction. For Cauchy peak profiles, lateral coherence sizes of
11 - 13 nm are calculated. Secondly, these lateral coherence sizes
should be considered as lower bounds due to the neglect of any peak
broadening associated with paracrystal 1 inity or other lattice
distortions, correction for which would increase the size values
reported here.
Increases in the extent and degree of perfection of lateral
molecular order (with respect to the as-spun fiber) are common to all
of the heat treated fibers examined, with higher heat treatment tem-
peratures providing greater increases in extent. Table 13 shows that
associated with higher heat treatment temperatures, higher tensile
strengths are obtained as the extent (coherence size) of lateral
molecular order is increased. However, this factor alone is not
sufficient to cause increases in strength and modulus as a result of
heat treatment.
Table 14 compares PBT fibers which were heat treated at 640°C for
various amounts of applied tension during heat treatment. A com-
parison of the fiber heat treated without tension with the tensioned
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Table 14
COMPARISON OF PBT FIBERS HEAT TREATED UNDER VARIOUS TENSIONS
''lensiol'''^ ^"^""f- Tensile Tensile
(wl) Strength^^^'^ (GPa) (GPa)
ei 62
0 10.7 6. 1 200 1.9
32 9.6 6.8 225 1.6
74 10.5 7.2 285 2.4
135 10.0 6.6 305 2.7
190 10.0 7.0 300 3.0
As-Spun 1.8 1.9 150 1.5
640°C, 8 seconds
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heat treated fibers shows that while the local structure is highly
developed for all fibers, differences in tensile strength and tensile
modulus exist. Measurement of the azirnuthal spread (FWHM, a.) of the
major equatorial reflections (ei,e2) of the fibers in Table 14 gave
values of 12°
-
14° for the fiber heat treated without tension,
decreasing to 8°
-
10« for the fiber heat treated with an applied
tension of 190 MPa. This decrease in the azimuthal spread of the
equatorial reflections is indicative of an increase in the overall
molecular orientation as a result of the applied tension during heat
treatment. The overall orientation is therefore seen as one of the
main structural factors affecting mechanical properties of heat
treated PBT fibers. Table 14 shows that higher tensile modulus and
tensile strength results from higher applied tension during heat
treatment which would be associated with higher degrees of axial mole-
cular orientation in the tensioned heat treated fibers.
While the values of azimuthal spread of the equatorial reflecions
(61,62) measured by di ffractometry indicate a trend of increased axial
orientation with applied heat treatment tension (or resulting modulus,
strength), the actual values obtained (8° - 10°) are not rigorously
representative of the true axial orientation in a single PBT fiber.
The relatively small degree of misorientation present in a PBT fiber
causes some experimental difficulty in its precise measurement. The
x-ray sample preparation procedure for the fibers listed in Tables 13
and 14 (wrapping a twenty filament yarn around a cardboard mount)
involves possible misorientation from slight wrap angle, filament
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splay within the yarn and wrap looseness which may contribute 5° - lO^
to the observed azimuthal breadths. Figure 58 compares flat film x-ray
diffraction patterns of a typical wrapped bundle of heat treated PBT
fibers with that of a single fiber taken from the bundle, clearly
indicating the effect of bundle mi sorientation on the observed azi-
muthal spreading of equatorial reflections.
Figure 59 compares flat film, single fiber patterns, provided by
Messrs. W.W. Adams and G. Price (Wright-Patterson AFB), of the PBT
fibers heat treated with 0, 32 and 190 MPa applied tension selected
from Table 14. It is evident from this figure that higher applied
tensions during heat treatment lead to higher overall molecular orien-
tation with respect to the fiber axis. Correspondingly, this increase
in axial orientation is associated with significant increases in both
tensile modulus and tensile strength as summarized in Table 14 for
these heat treated PBT fibers. The increase of overall axial molecu-
lar orientation combined with increases in the extent and perfection
of lateral molecular order are therefore seen as the primary factors
affecting the tensile properties exhibited by heat treated PBT fibers.
The tensile modulus and tensile strength of heat treated PBT fibers
are not directly dependent upon the degree of heat treatment but
indirectly as the heat treatment affects the overall orientation.
Possible correlations of axial orientation in PBT fibers as well as of
other structural parameters with mechanical properties are considered
in the following section.
5.3.3 Structure -Property Correlations. The heat treatment studies
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discussed in Chapter IV and the associated structural investigations
presented above provide a basis from which structure-property relation
ships may be examined for PBT fibers. The mechanical investigations
have provided information on not only tensile properties of PBT
fibers, but also on the mechanical anisotropy exhibited by these
fibers which should also be considered in a discussion of structure-
property relationships. Additionally, both microstructural and
macrostructural characteristics of PBT fiber morphology are essential
for a detailed understanding of physical properties.
The various hierarchial levels of PBT fiber microstructure were
considered in Chapter II including reference to the latest proposed
model of molecular packing [24,25]. This structural model considers
the rod-like PBT molecules to be laterally well ordered but with
translational shifts along the chain axis (see Figure 3) such that a
true three dimensional crystalline order is absent. Based on the
results discussed in the previous sections and on dark field electron
microscopy studies of fiber fragments by Roche et al_. [24] Minter [25]
and Shimamura et al_. [114], apparent "crystallite" size of 8 - 12 nm
in width and approximately 1.5 to 5 times as long (in the fiber
direction) may be taken as a measure of the extent of the local
lateral molecular order. Additionally, Roche £t al_. [24] proposed
from their electron microscopy observation that the fibrillar ribbons
of the PBT fiber microstructure (see Figure 4, Chapter II) are com-
posed of finer microfibrils which consist of a succession of these
narrow "crystallites" embedded in a somewhat less ordered, but highly
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ar
oriented, matrix of PBT. The importance of the overall fibrill
microstructure of PBT fibers has been discussed previously (Chapter
II) in relation to asspun fiber mechanical behavior and is presently
considered in relation to heat treated PBT fibers.
The mechanical properties of fibers of flexible chain polymers
have been compared with fiber morphological features by a number of
authors [27,28,88-95], usually in relation to the correlation of fiber
tensile modulus with structural parameters. The fibrillar morphology
of flexible-chain polymeric fibers has been considered by Peterlin
[27,28,88,89] and by Clark etal. [93,94] in this regard. Modulus
enhancement resulting from drawing of these fibers is believed to be
associated with the generation of a larger fraction of taut tie mole-
cules between crystalline blocks within microfibrils [27,28,88] or
with increased continuity of the crystalline phase. In this case the
fiber tensile modulus may be described by the simple two phase model
of Takayanagi [96]. Arridge et al_. [90-92] and Ward et al_. [95]
have employed short fiber composite models to discuss the reinforcing
effect of crystalline regions within fibrils on the tensile modulus of
flexible chain polymeric fibers. Enhancement of tensile modulus with
drawing in this case is interpreted through increases in the aspect
ratio of the reinforcing fibrils. These later structural models
describing fiber tensile modulus are also based on a two phase
material. PBT fibers, however, are better characterized by a single
phase, two dimensional "solid nematic" organization of the rod-like
molecules and hence such two phase models are inappropriate for a
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description of PBT fiber mechanical behavior. Additionally, these
models do not consider axial orientation differences (perfect uniaxial
orientation being assumed) which was shown to be an important factor
for PBT fibers (Section 5.3.2), nor do these models treat the subject
Of fiber tensile strength.
Fibrillar morphology in extended-chain PPTA fibers has been
discussed by Panar et al,. [97] and a few authors have commented
qualitatively on the relationship of PPTA fibrillar structure to
mechanical behavior [98,99]. Carbon and graphitic fibers also
possess a fibrillar morphology which has been discussed in connection
with fiber mechanical properties in reviews by Bacon [100], Reynolds
[101] and by Jenkins [102]. The review of carbon fiber structure
given by Bacon [100] parallels the above discussion (and that of
Chapter II) of the fibrillar morphology exhibited by PBT fibers. It
is therefore instructive to examine structure-property correlations
observed for carbon fibers, in relation to the fibrillar morphology,
as a foundation for a discussion of PBT fibers keeping in mind molecu-
lar and microstructural differences between the two materials.
Carbon fiber tensile modulus, for a wide range of values, of heat
treatment conditions and of precursor materials, has been correlated
with measures of axial orientation by Ruland [103] using a simple
model of the fibrillar morphology. In this model, fibrillar elements
are considered to be long wrinkled ribbons running generally parallel
to the fiber axis. The wrinkling of the ribbons, or their misalign-
ment with respect to the fiber axis, is taken into account in
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evaluating the defonnatlon resulting fro. an applied stress along the
fiber di rection.
The concept of wrinkled fibrillar ribbons would also seem to be a
good model for the description of PBT fiber behavior. In Chapter II,
evidence of the wrinkling of the PBT fibrillar structure was presented
(see Figures 4, 6, 7 and 13). Furthermore, based on the similarity of
the local molecular orientation in as-spun and heat treated PBT fibers
as observed by electron diffraction (Section 5.3.1), orientation
improvement resulting from tensioned heat treatment would appear to be
related to the improvement of the fibrillar orientation with defor-
mation occuring during heat treatment. The straightening out of
wrinkled fibrillar elements of the PBT fiber structure with defor-
mation was also demonstrated in Chapter II (See Figure 13).
In Ruland's model [103], an axial applied stress may be resolved
into a tensile component acting along the fibril direction and a shear
component perpendicular to this direction. The tensile component of
the resolved stress extends the ribbons an amount determined by their
elastic compliance constant 333 (1/333 being equal to the Young's
modulus in the ribbon direction, which for the case of graphite fibers
is parallel to the basal planes). Additionally the shear component
contributes to an elastic tilt of the ribbons toward the fiber axis,
the amount being determined by the resistance to tilting caused by
ribbon neighbors which Ruland designated as k (tilt compliance
constant).
This simple model of extension and tilting of ribbons describes
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the axial fiber modulus (E) in term^ nf i-h * •\ ) s of the compliance constants
333 and k and parameters characterizinn th. • i •<»rdCT:en2 g the axial orientation of the
ribbons as given by equation 5.3,
1
- 333 + mz k
(5.3)
where
7r/2
Tr/2 (5.4)
/ Sin (j) I{<j))d<|>
0
and
m
7r/2
/ 2
-
_
0 COS^ ()) Kd)) cl6
71/2 • (5.5)
/ Sin (}, I((j))d())
0
The angle
^
in equations 5.4 and 5.5 represents the angle between the
graphite layer normal and the fiber axis, which for highly aligned
carbon fibers approaches 90°. I(^) is the orientation distribution
function of the layer normals which can be obtained from diffraction
experiments. For perfect ribbon orientation,
<(,
= 90° giving m^ = 0,
= 1 and the fiber modulus corresponds with the ribbon modulus
(l/a33).
While this model is certainly oversimplified it has been found to
give better agreement with experimental data on carbon fibers than
either a uniform stress or a uniform strain model of misaligned
ribbons. Actually, this model is quite similar in approach to uniform
stress or strain
.odels. Modulus pnedictions for these other
.odels
involves standard tensor transformation rules of crystallite complian-
ces averaged over an orientation distribution with the appropriate
constraints of either uniform stress or strain (see reference [102]
for example). Such tensor transformation averaging of compliance
constants is commonplace for composite analysis (see R.M. Christensen,
[104], for example). Ruland's wrinkled ribbon model performs a similar
transformation averaging over an orientation distribution. Addition-
ally, the elastic unwrinkling model involves only two compliance para-
meters (a33, k) both independent of the preferred orientation, while
the uniform stress and strain models involve a greater number of
compliance constants, which in order to fit observed data, are found
to be dependent on the orientation [103]. The ribbon interaction
compliance, k, of Ruland's model has the character of a shear
compliance. In fact, a best fit value for k based on carbon fiber
modulus and orientation data gives a value of k which roughly
corresponds with measured values of carbon fiber shear stiffness for
carbon fibers having tensile modulus values in the range of 170 GPa -
500 GPa.
Northolt and van Aartsen [58] have correlated the axial sonic
modulus of PPTA fibers with measures of axial orientation using a uni-
form stress model. Denoting a as the angle between the chain axis (or
crystallite c-axis) and the fiber direction (a = 0 for perfect
orientation), equation 5.6
I
= a33 + A <sin2 «> (5.6)
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was found to provide good agreement between so'nic modulus and
orientation. In equation 5.6. A is a material constant related to
shear and Poisson compliances. Northolt [105] has also applied this
correlation to sonic modulus values of deformed PPTA fibers with simi-
lar success. In both of these works [58,105] the average misorien-
tation angles (a) were in the range of 5° - 12°. For such a small
range of mi sorientation angles and considering the fact that a is
quite small it is interesting to note a similarity between equations
5.6 and 5.3. In the case of small mi sorientation angles (a, or
equivalently 90°-<j.) the parameter in equation 5.3 approaches a
value of one as sincj, approaches unity. Additionally, the parameter m^
for sin<j) approaching one, provides a measure of orientation comparable
to <sin2a> so that equations 5.3 and 5.6 provide roughly analagous
comparisons between orientation and axial modulus for highly oriented
structures.
The useful correlations observed between preferred orientation and
axial modulus for extended-chain PPTA fibers and for carbon fibers
strongly suggests similar correlations may be usefully applied to heat
treated PBT fibers which possess a similar fibrillar morphology.
However, at present, due to the difficulties encountered in measuring
axial orientation of heat treated PBT yarns and the lack of quan-
titative single fiber orientation studies, insufficient data exists
for possible correlations to be examined in any detail. The findings
summarized in Table 14 (Section 5.3.2) concerning heat treatment
conditions, mechanical properties and characteristics of the local
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molecular order of heat treated PBT fibers along with the orientation
information contained in Figure 59 show that the axial modulus of PBT
fibers is not directly dependent on the degree of heat treatment but
indirectly as the heat treatment affects the degree of preferred
orientation. This is the same conclusion reported by Ruland [103] for
the heat treatment processing of carbon fibers.
One additional comment may be made in connection with correlation
of preferred orientation with modulus for heat treated PBT fibers. As
previously mentioned, the parameters k and A may be interpreted in
terms of a shear compliance and in fact the k value reported by Ruland
[103] corresponds fairly well in value with measured shear complian-
ces of carbon fibers [100]. The parameter A is also closely related
to the fiber axial shear compliance and values of A reported for PPTA
fibers [58] are of the same order of magnitude as the torsional shear
compliance of PPTA fibers reported in Chapter III. An estimate of the
order of magnitude of the value of k or A for heat treated PBT fibers
is therefore provided by the measured torsional shear modulus. From
Table 13 shear compliances on the order of 0.7 - 0.9 (GPa)-i are
found for PBT fibers.
Additional comparisons between heat treated PBT fibers and carbon
fibers are useful for a consideration of fiber strength
characteristics. While material strength is sensitive to structural
imperfections such as voids, inclusions or other flaws, strength
variations are observed in similar carbon fibers whose fibrillar
character differ in terms of perfection. Observations made by Bacon
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[100] indicate that of two fibers possessing the same degree of
ferred orientation and hence modulus, the fiber possessing the
pronounced fibrillar structure is weaker. Fracture in high modulus
graphite fibers is believed to occur along interf ibril lar boundari
preceeded by plastic deformation including slippage between fibril
(and basal plane shear within microfibrils). These types of defor-
mations are certainly more likely the more pronounced the fibrillar
structure, i.e. longer and straighter microfibrils, less inter-
connectivity, more highly aligned and structurally more perfect [100].
From micrographs such as in Figures 4, 6 and 7 (Chapter II) it is
obvious that the fibrillar organization of PBT fibers is well developed
and highly aligned with extremely long fibrillar lengths. Lath shaped
fibrils are suspected to be composed of microfibrils (again lath
shaped) in which the rod-like PBT molecules are organized in varying
degrees; the local organization of the molecules depending on heat
treatment conditions as discussed relevant to Tables 13 and 14. In
sharp contrast to carbon fibers, however, the interconnectivity of
microfibrils in PBT fibers should be minimal. Lateral molecular
interactions in PBT are determined by secondary chemical bonding
whereas in carbon fibers large graphitic sheets and other less perfect
molecular structures characterized by primary bonding contribute to
lateral interactions.
If the tensile fracture of PBT fibers is associated with fibrillar
boundaries, as suspected for carbon fibers [100], the nature of
lateral molecular interactions is an important structural factor. In
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fact, because of the finite length of a PBT
.olecule. or of a fibril
in a PBT fiber, tensile stresses in the fibrils are transferred
through Shear interactions which are directly dependent on the nature
Of the interniolecular forces. Lateral and/or shear stresses present
in a highly aligned fibrillar structure of a fiber experiencing a
tensile stress would be dependent on the preferred orientation of the
fiber. If these shear or transverse stresses are important in deter-
mining failure along fibrillar boundaries, then the tensile strength
of the fiber should be sensitive to the preferred orientation.
The experimental difficulties encountered in nieasuring such high
axial orientation in PBT fibers have been discussed earlier. However,
if it is assumed that a simple relationship between preferred orien-
tation and tensile modulus exists for PBT fibers as exists for PPTA
and carbon fibers (a reasonable assumption), then modulus values may
be considered to provide a measure of orientation. Figure 60 compares
the tensile strength of PBT fibers heat treated above 600°C with their
corresponding tensile modulus (from Table 8, Chapter IV). With the
assumption made above, it may then be inferred that the tensile
strength of heat treated PBT fibers is dependent on the overall fiber
orientation. The fact that the tensile failure of PBT fibers is asso-
ciated with orientation and lateral interactions is evidenced in the
large axial splitting observed for tensile fractured specimens.
Figure 61 shows an SEM micrograph montage of a typical PBT fiber ten-
sile fracture exhibiting axial splitting.
A useful comparison may be made between the tensile failure of
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Fig. 60 Tensile strength and modulus of PBT fibers heat treated at
temperatures above 600°C.
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the highly aligned PBT fibrillar morphology and simple models
describing the angular dependence of strength in unidirectional
composites (see [106], for example), if failure of the fibrillar
morphology is assocaited with either a shear or transverse tensile
failure of the structure, then the fiber tensile strength can be ana
lyzed in terms of the shear strength or transverse strength and the
geometrical description of the structure. The geometry presented in
Figure 62 is convenient for such an analysis. The shear stress x on
a plane making an angle a with the fiber direction for an applied
axial stress a can be obtained from geometrical considerations and
is given by
T = a sina COSa
. (5.7)
Likewise, the normal stress ap on this plane can be shown to be given
by
On = o sin^a . (5.8)
If tensile failure of the fiber is the result of the shear stress, t,
reaching a critical value, tq, then equation 5.7 gives the fiber ten-
sile strength, ag, as
= Tc/(sina COSa) . (5.9)
For an interplanar separation resulting from the normal stress, a^, to
be strength controlling, equation 5.8 gives the tensile strength as
OB = onc/sin^a (5.10)
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Fig. 62 Resolution of axial stress (o) into shear (t) and normal
(op) stresses on a plane making an angle a with the fiber axis
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where is a critical value of an-
The plane (or planes) of interest in PBT fibers would be that
which characterizes the angle of the fibrillar boundaries with respect
to the fiber axis. This plane is represented by the plane of fracture
corresponding to the observed axial splitting. The axial splitting
tensile fractures are more easily characterized by measuring the
split length to fiber diameter ratio, L/D. For planes making a small
angle a with respect to the fiber axis it can be shown that
(sina cosa)-l ~ L/D (5.11)
and
(sin2a)-i ^ (L/D)2
. (5,12)
Using relationships (5.11) and (5.12) in equations (5.9) and
(5.10), respectively, implies that for a shear determined tensile
failure the fiber tensile strength could be correlated with split L/D
whereas for a transverse tensile failure to be strength determining
the tensile strength should correlate with (L/D)^. Figure 63 sum-
marizes some preliminary measurements of tensile failure L/D ratios
and associated tensile strengths for heat treated PBT fibers. Even
with the high degree of scatter in such measurements a trend of larger
split L/D values for higher tensile strengths is clearly indicated.
Additional investigations dealing with the fibrillar character of
PBT fibers are certainly warranted to evaluate the various models
outlined in the discussion. One further comment regarding these
217
Fig. 63 Tensile fracture split length to fiber diameter ratio (L/D)
of heat treated PBT fibers.
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tensile strength concepts may be made relative to the order of magni-
tude of interfibrillar strengths. As discussed in Chapter III of this
dissertation an estimate of the torsional shear strength of PBT fibers
is given by the product of the shear modulus (G) and the critical
torsional strain {y^) to produce axial splitting. Using values of G
and Yc from Table 13 the shear strength (xc) of the heat treated
PBT fibers considered in this chapter is on the order of 50 - 60 MPa.
For a shear failure controlled tensile fracture of a fiber possessing
a 3 GPa tensile strength, equations (5.9) and (5.11) suggest a split
L/D of approximately 60, in fair agreement with observed values
(Figure 63).
The weakness of lateral interactions in fibrillar structures is
also believed to be related to the low observed values of compressive
fiber strength relative to tensile strength values. Williams [107]
has suggested that in carbon fibers the non-linear fiber behavior in
bending is the result of lateral failure between fibrils allowing them
to deform independently. Jones and Johnson [108] provide evidence of
buckling of the fibrillar morphology of carbon fibers due to
compressive stresses in bending experiments. Chapter III of this
dissertation showed that in similar bending tests, PBT fibers also
exhibited buckling as a result of compressive stresses. The buckling
of the fibrillar structure under compressive loading is indicative of
the weak lateral forces inherent in PBT fibers.
A rather more practical guide to the tensile failure of heat
treated PBT fibers is readily apparent from Figure 59. The ratio of
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tensile strength to tensile modulus indicates ihat a critical tensile
strain of one percent may be taken as a useful tensile failure
criterion. The existance of a critical strain measure to describe
failure of polymeric materials has been modeled by reaction rate
theories of failure [109-112]. The exponential dependence of time to
failure on applied (tensile) stress and the linear dependence of ten-
sile strength on temperature of Kevlar (PPTA) fibers has been rationa-
lized by Wilfong and Zimmerman [112] in terms of such rate theories
of failure. It would be interesting to investigate time and tem-
perature dependencies of PBT fiber strength in greater detail to eval-
uate rate theory modeling of PBT fiber behavior.
5.4 Concl usions
The heat treatment processing of as-spun PBT fibers results in a
significant enhancement of the lateral molecular order of the rod-like
PBT molecules. In as-spun fibers, equatorial diffraction peaks
correspond closely to a simple model based on hexagonal packing of
cylinders. The breadths of these reflections suggest that the extent
of individual ordered regions is quite small (2 nm), involving bundles
of roughly twenty chains. In heat trated PBT fibers the local order
is more highly developed and the extent of the laterally ordered
regions (10 - 12 nm) involves bundles of approximately two hundred
chains. The extent and perfection of laterally ordered regions
increases for increasing heat treatment temperatures. Tensile modulus
and strength are observed not to directly depend on heat treatment
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conditions but indirectly as heat treatment affects the overall
orientation. The application of tension during heat treatment serves
to enhance the overall orientation and hence significantly affects
resulting heat treated fiber modulus and strength. Additional obser-
vations of structural characteristics by x-ray diffraction are
discussed in Appendix II in relation to proposed models of local mole-
cular order.
Correlations made between measures of axial orientation and ten-
sile modulus for carbon and for PPTA fibers, along with the similar-
ities of their fiber morphology to PBT fibers, suggests similar
relationships may be valid for PBT fibers. The present lack of pre-
cise axial orientation measurements for PBT fibers, however, precludes
such correlations being made at the present time. The relative
weakness of intermolecular bonding (van der Waals' interactions) with
respect to the covalently bonded polymer backbone for PBT, combined
with the high degree of axial molecular orientation is considered to
be a major factor affecting measured mechanical properties. The low
values of shear strength (60 MPa) relative to tensile strength (2-3
GPa), the large degree of axial splitting observed in tensile frac-
tures and the buckling of the fiber structure under compressive loads
are evidence of this.
The tensile strength of he^t treated PBT fibers is sensitive to
both the extent of the lateral molecular order and to the overall
axial orientation. Higher heat treatment temperatures produce greater
Increases in the extent of the lateral molecular order (as measured by
equatorial peak breadths) and improved lateral 'order is associated
with increases in tensile strength (e.g. Table 13). Additionally,
higher tensile strength is observed for fibers possessing higher ten
sile modulus and for fibers exhibiting longer axial split tensile
failures, higher values of which represent higher overall axial mole
cular and fibrillar orientation.
CHAPTER VI*
CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK
6. 1 Conspectus
Investigations of the mechanical behavior and of the relationship
between mechanical behavior and morphology for high modulus/high
strength fibers of poly-(p.phenylene benzobi sthiazol e) have been
performed. The work was done as part of an effort sponsored by the
Air Force Ordered Polymers Research Program to develop high strength,
high modulus, thermally and environmentally resistant polymers for use
as structural materials. Heat treatment procesing of as-spun PBT
fibers was undertaken to produce fiber samples for a systematic exami-
nation of structure-property relationships as well as for the attain-
ment of ultra-high values of tensile modulus and strength. Experiments
and analysis have also been directed at an elucidation of mechanical
anisotropy in these highly oriented fibers to supplement this work.
Morphological studies have employed x-ray and electron diffraction in
addition to optical and scanning electron microscopy for the examina-
tion of microstructural and macrostructural characteristics of PBT
fibers. The significant findings of this research as well as
suggestions for future work are reviewed below.
When this work began in 1978, PBT fibers possessing a tensile
modulus of 60 GPa and an average tensile strength of 0.6 GPa were
available for study. As a result of the heat treatment investigations
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carried out as part of this dissertation, in conjunction with spinning
developments made by E.C. Chenevey and co-workers at the Celanese
Research Company. PBT fibers possessing a tensile modulus of 300 GPa
along with 3 GPa tensile strength have been produced. This level of
tensile mechanical properties is comparable to that of commerical car-
bon (graphite) fibers (100 - 700 GPa modulus. 1 - 4 GPa strength) and
to that of steel (200 GPa modulus. 2 - 3 GPa strength) indicating the
high modulus/high strength capabilities of PBT fibers and therefore
their significant potential for use as a high performance engineering
material
.
6.2 As-Spun PBT Fibers
PBT fibers as-spun from methane sulfonic acid or polyphosphoric
acid solutions were found to possess near perfect axial molecular
orientation of the rod-like PBT molecules, a factor contributing to
the development of a fibrillar morphology. Elements of the fibrillar
structure (fibrils, microfibrils) are observed to be lath- or ribbon-
shaped rather than cylindrical with the overall organization of such
elements having a profound effect on mechanical properties. In as-
spun PBT fibers, a waviness or undulation of the fibrillar morphology
exists, the straightening out of which during deformation, and espe-
cially with deformation accompanying heat treatment, can result in a
substantial enhancement of tensile modulus. The fibrillar undulations
are suspected to arise as a result of shrinkage stresses generated
during coagulation and/or drying, where overall an approximately 90%
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volume contraction must occur in going from polymer solution to solid
polymer. The development of the fibrillar morphology and charac-
teristics thereof are in need of further study, especially in relation
to mechanical properties. Refinements of both the coagulation and
drying processes, aimed at achieving a more uniformly aligned
fibrillar morphology (reduction of fibrillar undulation), should be
pursued as a means of enhancing tensile mechanical properties of the
as-spun PBT fiber precursors, and presumably also of the heat treated
PBT fibers.
The existance of fibrillar undulations, the elastic-plastic ten-
sile stress-strain behavior, and changes in this behavior with
annealing for as-spun PBT fibers have been discussed with regard to
possible residual stresses in the fibers arising during non-uniform
shrinkage from solution to solid. Dimensional changes associated with
selective destruction of the fiber over a small surface region tend to
substantiate the existance of residual stresses in as-spun PBT fibers.
Diefendorf et al_. [113] have employed etching techniques to remove
surface layers in carbon fibers and have quantitatively determined
residual stresses in carbon fibers. It is suggested that similar
etching procedures be applied to as-spun PBT fibers as a means of eva-
luating the distribution of residual stress.
The elastic-plastic tensile behavior of as-spun PBT fibers was
also discussed in relation to possible residual solvent content in the
fibers. The reintroduction of methane sulfonic acid into an annealed
PBT fiber, which possessed a linear elastic tensile stress-strain
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behavior, resulted in the reappearance of the elastic-plastic tensile
behavior exhibited by as-spun, unannealed fibers. Furthermore, as-
spun PBT fibers examined in this work were received after washing only
in water and appeared reddish in color while Odell et al_. [39] report
a gold color for as-spun PBT which had been solvent extracted to
remove residual acid. Further work is needed to evaluate the
influence of residual solvent in PBT fibers.
Tensile tests performed at elevated temperatures found a good
retention of room temperature values of tensile modulus and tensile
strength. At 200°C a heat treated PBT fiber exhibited 82% and 73%
retention of room temperature values of modulus and strength,
respectively. The retention of tensile strength with test temperature
of this PBT fiber was found to be better than that of commercial
Kevlar 49 and Kevlar 29 fibers, these later fibers retaining approxi-
mately 60 - 65% of their room temperature strength values at 200°C.
However, the heat treated PBT fiber used in these experiments
possessed a tensile strength of 1.9 GPa, which, by present standards
(3 - 3.3 GPa) is low. The evaluation of the temperature dependence of
tensile modulus and tensile strength for the latest produced PBT
fibers should be examined.
6.3 Anisotropic Mechanical Behavior
Morphological evidence exists indicating that both carbon
(graphite) fibers and PPTA (Kevlar) fibers can exhibit preferential
ordering within the fiber cross-section (i.e. a layered radial or
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onion-skin structure). No evidence has, as yei, been presented con-
cerning the transverse structure of PBT fibers, however, the possibi-
lity exists for the development of an anisotropic fiber cross-section
through preferential interactions between the planar PBT molecules and
solvent/coagulant molecules. While investigations of morphological
order have revealed anisotropic fiber structures for carbon and for
PPTA fibers, little attention has been given to the mechanical ani-
sotropy expected of such structures.
Anisotropic elasticity theory was applied to the examination of
the state of stress for model radial and onion-skin fiber morphologies
for the simple mechanical test geometries of axial tension (or
compression), torsion and bending. Single crystal graphite compliance
data was used for model radial and onion-skin graphite fibers. A
model radial PPTA fiber was also examined based on available
compliance information and reasonable approximations of the complian-
ces required for analyses. As opposed to a transversely isotropic
fiber where no radial or hoop stresses are predicted, for both bending
and axial loading, radial and hoop stresses are predicted in addition
to the axial stresses for these model, cyl indrical ly orthotropic
fibers.
The practical importance of radial and hoop stresses in a
cyl indrical ly orthotropic fiber experiencing axial tension/compression
or bending is determined by the relative strength characteristics in
these principle directions. For the radial PPTA fiber considered, the
magnitude of the predicted hoop stresses relative to the axial stress
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are of the same order of magnitude as the estimated and experimentally
measured transverse strength relative to axial strength values. These
results suggest that in light of directional strength dependencies,
transverse stresses arising due to material cross-sectional orthotropy
may be an important factor in determining strength characteristics of
such anisotropic fibers. An exact evaluation of the importance of
possible radial and hoop stresses would require a detailed knowledge
of compliance coefficients as well as of the true fiber structure,
including factors such as skin-core morphology. Further experimental
and theoretical work is needed in this regard. Additionally, trans-
verse stresses may arise due to anisotropy of thermal expansion coef-
ficients and swelling coefficients which should also be examined.
Simple torsional, twisting and bending experiments were carried
out in order to characterize the mechanical anisotropy exhibited by
PBT fibers. Torsional shear moduli of 1 - 2 GPa were measured in com-
parison with axial tensile moduli of 100 - 200 GPa. A measure of
mechanical anisotropy is provided by the ratio of tensile to shear
modulus which was found to be as high as 150 for heat treated PBT
fibers. This ratio for isotropic materials ranges from 0-3. The
weakness of PBT lateral molecular interactions relative to the polymer
backbone is evidenced in the relatively low shear and compressional
strengths of these fibers as measured by twisting and bending
experiments. A torsional shear strength of 65 MPa along with a
compressive strength of approximately 700 MPa were observed. While
these strengths are low in comparison with fiber axial tensile
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common
strengths of 2 - 3 GPa, they are rather high when compared with
thermoplastic materials where tensile stre^ typically on the
order of 40 - 80 MPa
,
indicating a reasonably high lateral strength
for PBT fibers.
The twisting experiments carried out on PBT fibers to determine
torsional shear strength revealed that axial splitting of the fiber
was associated with the measured strength value. Irreversible
torsional deformations were observed for higher amounts of twisting
associated with greater amounts of splitting. Experiments combining
torsion and tension found a good retention of tensile strength with
pretwist, even for fibers twisted into the region where axial
splitting occured. For large amounts of pretwist, the tensile
strength of a twisted PBT fiber decreased with increasing amounts of
twist. Tensile strength differences were found for highly twisted
fibers depending on whether or not the reversible component of pre-
twisting was removed; higher strengths being obtained with the removal
of the reversible component of twist. A more detailed study of such
combined states of stress (torsion-tension, or other) would provide
valuable information regarding damage and failure characteristics of
PBT fibers and is strongly recommended for future work.
6.4 Heat Treatment
A heat treatment apparatus was constructed as a means of producing
heat treated PBT fibers to systematically examine mechanical property
differences and microstrcutural differences associated with processing
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conditions. The apparatus allowed the controrof the heat treatment
temperature, the residence time of the fiber in the oven, the tension
applied to the fiber and the flow rate and type of the heat treatment
atmosphere (nitrogen and argon atmospheres were examined). Both
methane sulfonic acid and polyphosphoric acid solution spun PBT fibers
were examined.
A PPA spun PBT fiber possessing as-spun tensile modulus and
strength values of 150 GPa and 1.6 6Pa
,
respectively, was heat treated
to produce fibers possessing tensile modulus and strength as high as
300 GPa and 3.2 GPa. To achieve this level of properties, heat treat-
ment temperatures of 630°C - 670°C for applied tensions of 150 MPa -
200 MPa with residence times under one minute were required. Lower
heat treatment temperatures or tensions result in lower modulus and
strength values for heat treated PBT fibers. Higher temperatures in a
nitrogen atmosphere lead to the onset of degradation of mechanical
properties while higher applied tensions result in fiber breakage
during heat treatment.
Mechanical property differences between PBT fibers heat treated in
nitrogen and in argon as well as between MSA spun and PPA spun heat
treated fibers and color changes occuring during heat treatment indi-
cate the need to examine possible chemical reactions occuring at high
temperatures which may be associated with residual solvents in the
fibers as well as with the nitrogen atmosphere. Additionally, the
effect of polymer molecular weight deserves further attention in rela-
tion to heat treatment as well as in relation to as-spun fiber
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structure and properties which are certainly important factors
affecting heat treatment results.
It had originally been hoped to find a correspondence between the
effects of thermal energy and mechanical energy input during heat
treatment such that a single energy parameter might be defined to
correlate the results. While the number of experimental conditions
actually investigated was quite extensive, the large amount of
variability of the mechanical data combined with the number of
possible conditions yet to be explored prohibited such a correlation
of properties with heat treatment parameters. In order to pursue this
area further, fibers of better uniformity as well as examination of
lower heat treatment temperatures, higher applied tensions and longer
times would be needed. Additionally, experiments examining the force-
temperature behavior (at constant length) or the elongation-
temperature behavior (at constant stress) of PBT fibers would be
informative in this regard.
6. 5 Structure-Property Relationships
Microstructural characteristics of heat treated PBT fibers, exa-
mined mostly by x-ray diffraciton, were also found to strongly depend
on heat treatment conditions. The extent and degree of perfection of
the lateral molecular order increase with increasing heat treatment
temperature and contribute to the observed increases in tensile modu-
lus and tensile strength with heat treatment. More importantly, the
tension applied during heat treatment serves to enhance the overall
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molecular and fibrillar axial orientation which profoundly effects
resulting tensile properties; higher tensile modulus and strength
being associated with higher overall axial orientation.
The possible correlation of measures of axial orientation with
tensile modulus has been discussed in light of similar studies of
high modulus carbon and PPTA fibers possessing comparable structural
characteristics (high axial orientation and fibrillar morphology).
However, experimental difficulties encountered in quantifying axial
orientation from fiber bundles and the present lack of rigorous single
filament orientation studies percludes such quantitative correlations
being made at the present time. Orientation analysis of single fibers
or a more careful fiber bundle analysis is suggested to further
modulus-orientation correlations in heat treated PBT fibers. The
simplified wrinkled fibrillar model used by Ruland [103] to correlate
modulus and orientation for carbon fibers is suggested as an
appropriate analysis for PBT fibers.
Tensile testing of heat treated PBT fibers possessing a wide range
of tensile modulus and strength values indicated that a one percent
tensile deformation may be taken as a practical tensile failure
criterion. The observation of a critical deformation to failure as
well as of an approximately linear decrease in tensile strength with
increasing test temperature suggests that rate theories of failure may
be useful in interpreting PBT fiber strength dependencies on test
conditions. To evaluate the applicability of rate theory concepts to
PBT fibers, the dependence of tensile strength on time, rate of
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testing and temperature should be examined. '
Tensile fractures of heat treated PBT fibers exhibit axial
splitting, with the relative length of these splits being longer for
higher strength fibers. The microstructural studies have shown that
higher overall axial orientation and greater intermol ecul ar interac-
tion exists in these higher strength fibers. Fibrillar orientation
and the relative weakness of lateral molecular interaction (with
respect to the polymer backbone) have been discussed in regard to
strength and failure characteristics for tension, torsion and
compression. The straightening out of fibrillar undulations with
deformation during heat treatment provides for higher overall orien-
tation and is associated with higher tensile modulus and strength.
Characteristics of the fibrillar morphology are therefore seen as pri-
mary structural aspects affecting mechanical behavior. The development
of the fibrillar morphology during coagulation and drying is perhaps
the best area to be explored in order to further an understanding of
structure-property relationships in PBT fibers and to lead to further
improvements in mechanical properties.
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APPENDIX I
MECHANICAL TESTING OF HIGH MODULUS FIBERS
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Al. 1 Mounting of Fibers
In this work, the mechanical tests performed on fine diameter,
single filament, high modulus fibers (with the exception of elastica
loop tests) have in common the bonding of the fiber onto a paper tab.
The paper tab serves to define the gage length of the fiber in a given
test, assures proper alignment of the fiber and greatly simplifies the
handling of fine diameter filaments.
Manila file folders (30 an x 56 cm, opened) were used in this work
for the preparation of mounting tabs. Figure 64 illustrates a typical
grid which was layed out on an opened folder for the preparation of a
large number of mounting tabs. Reference marks (circular dots in
figure) were made every 15 mm across the top and bottom of the folder,
which serve to define the width of a tab, and are used to indicate
where knife cuts (dashed lines) will be made to separate tab strips.
Half-way between these reference marks (7.5 mm), vertical lines are
drawn the width of the folder which will later serve to align the
fiber down the center of a tab. Horizontal lines are laid out to
define the gage length portion of the tab with 10 mm spacings at each
end of the gage section (see Figure 64).
The vertical tab strips are cut out from the folder by a knife
using a ruler as a guide (along dashed lines in Figure 64). Slots are
then cut out of the gage regions (Figure 65a) by means of a paper
punch and knife. A single filament is laid over the centerline of a
tab strip and is held in place by small pieces of scotch tape placed
at the center of adjoining grip areas (see Figure 65b). A small
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amount of epoxy (Devcon® 5 Minute Epoxy, S-208) is placed over the
fiber at the edge of the gage slot and is pressed down with a rec-
tangular piece of cardboard (approximately 5 mm x 10 mm) to complete
the mounting procedure.
With a minimum of effort, a large number of fiber samples can
easily be prepared in this manner for any desired gage length or
series of gage lengths. Individual samples are simply cut off from a
mounted strip at the center of adjoining grip areas. A mounted fiber
sample for tensile testing, for example, is clamped at each end over
the covered glue regions and the sides of the slotted gage region are
then carefully cut to free the fiber sample for testing (It is common
practice to place the cardboard tab slightly into compression before
cutting the sides away to avoid fiber breakage).
A1.2 Machine Compliance Correction for Tensile Tests
The small diameter of the fibers investigated precludes the use
of normal strain-sensing devices so that in order to calculate the true
sample tensile modulus from the force-time output obtained from a ten-
sile test, an accounting for the system compliance must be made.
Because all of the tensile modulus values reported in this disser-
tation are based on such a correction for machine softness it is
appropriate to present the compliance correction procedures which were
employed to evaluate the machine compliance for a given load cell and
clamping arrangement. An additional discussion of compliance analysis
may be found in ASTM Standard D3379-75, "Tensile Strength and Young's
251
Modulus for High-Modulus Single-Filament Materials" [20], on which
the present discussion is based.
The total elongation (6j) calculated from a measured distance on
the chart paper and the cross-head speed is the sum of the sample
elongation (65) and the load train (machine) elongation (6m) (equation
Al.l).
•St = <Ss + (Al.l)
The sample elongation (65) may be expressed in terms of the sample
gage length (Lq), cross-sectional area (A), axial modulus (E) and the
force (F) on the sample as given by equation A1.2.
This analysis, of course, is based on small strains for a linear
elastic behavior from which the axial modulus (E) is defined. The
elongation of the machine (6^) may be simply expressed as the product
of the force (F) and a compliance constant (C^) characteristic of the
particular load cell and clamping arrangement (equation A1.3).
6m = CmF (A1.3)
Combination of equations Al.l - A1.3 yields the following
expression for the apparent compliance (Ca) of the specimen:
252
Ca =- = Cm.--
.
In order to calculate the true sample oiodulus (E) from the slope of
the force-time (or displacement) recording of the tensile test, the
machine compliance must be known or evaluated. Cm is most easily
evaluated from the results of a series of tensile tests for samples of
different gage lengths, Lq.
Figure 66 defines the chart paper measurements necessary for the
calcuation of the apparent compliance (Ca). A straight line is drawn
across the paper through the initial straight line section of the
sample load-time curve and the horizontal distance {1q) along the time
axis corresponding to a force (Fg) is measured. The reciprocal of the
slope of the drawn straight line (le/Fg) is proportional to the
apparant sample compliance (Ca). For the particular cross-head speed
(L) and chart speed (Vqh) used, equation A1.5 permits the calculation
of the apparent compliance.
Calculated values of Ca (equation A1.5) for a series of sample
gage lengths provide the means of evaluating the machine compliance
and hence the sample modulus. Recalling equation A1.4, a plot of
apparent compliance (Ca) vs. gage length (Lq) should give a straight
line, whose y-intercept value corresponds to the machine compliance
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(Cm). Generally gage lenghts of 2, 3, 4, 5 and 6 em's were used for
compliance analysis. Once evaluated, the value of machine compliance
may be used to determine the sample modulus of fibers tested using the
same load cell and clamping arrangement.
Equation A1.6 sumarizes the modulus calculation employed to
correct measured compliance values for machine softness,
^~-jrr~F^ • (A1.6)H^a - Cm)
It was common practice that when different load scales were
required to tensile test different diameter or modulus fibers, the
machine compliance was re-evaluated for each load range used. For a
given load cell and clamping arrangement, identical machine compliance
values were found for the load ranges employed.
As a measure of caution, when a fiber was found to possess an
extremely high modulus value (300 GPa) a new compliance analysis was
performed. Additionally, an average sample modulus was obtained from
the slope of the compliance curve (Ca vs Lq), the slope being equal to
(EA)-i (equation A1.4).
The softness of the testing machine should also be taken into
account in the calculation of the strain at break (eb) of the sample.
Equation A1.7 may be used for this purpose,
Lo VcH
where I5 and Fb are the time axis distance to failure and the sample
force at break, respectively (see Figure 65).
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For the particular testing arrangement used for most of this work,
machine compliance correction represented approximately a 10% correc-
tion for modulus and elongation.
APPENDIX II
X-RAY DIFFRACTION STUDIES OF HEAT TREATED PBT FIBERS
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The heat treated PBT fibers investigated in this dissertation
possess mechanical properties superior to those of fibers examined in
previous x-ray diffraction studies [26]. Additionally, a larger
number of fiber samples have been investigated by both di f fractometry
and flat film x-ray techniques than were examined previously by flat
film techniques only. These diffraction results therefore merit a
brief summary here. For heat treated fibers, the main differences
arise form azimuthal spread (axial orientation) and line width
(coherence length). There is a substantial shift of equatorial d-
spacing values with respect to the as-spun fiber but no trend of peak
position is observed with the various heat treatment conditions.
Table 15 compares observations of the equatorial scattering
(d-spV2acing and relative peak intensity) for the heat treated fibers
examined with those of previous electron diffraction studies [24,20]
and with the Roche model [24].
A fair correspondence is observed between x-ray and electron
diffraction results and the Roche model. Flat film x-ray diffraction
studies, however, suggest additional refinements of the model are in
order. Heat treated PBT fiber patterns obtained for two different
sample to film distances are shown in Figure 67. Along the equator,
there appears an additional reflection at lower diffracting angle (see
arrow) than the first major equatorial peak (ei) observed by diffrac-
tometry (see Figure 57, Chapter V). The d-spacing value
corresponding
to this lower angle reflection is approximately 1.2 nm,
roughly twice
the value of ei (0.584 nm). The existance of this
reflection would
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suggest a larger, non-primati ve unit cell. Qdell et al_. [39] have
examined electron diffraction patterns of 450°C heat treated PBT films
spun from MSA and have proposed a larger non-primati ve unit cell based
on their observation of a weak 1.15 nm equatorial reflection. Figure
68 shows the relationship between the Roche and Odell unit cells.
These two models are roughly equivalent yielding the same prominent
equatorial reflections and sample density but the larger cell con-
taining two chains requires two independent configurations of the PBT
chain (variation of phenyl -bi sthiazol e angle and setting angle of
chain with respect to cell).
The broad intensity variations along the meridional layer lines
and the lack of distinct (hk£,£^0) reflections have been satifactorily
accounted for by a model with complete axial transl ational disorder
between chains. The scattering along the meridian is thus given by
the molecular transform of the PBT chain, suitably cyl indrical ly
averaged. Minter [25] has investigated the molecular transform of PBT
in greater detail, relaxing the constraint of cylindrical symmetry in
order to examine the layer line intensity variations. Inspection of
the second layer line of the PBT fiber patterns shown in Figure 67
shows the presence of relatively sharp intensity variations (in com-
parison to other layer lines in the patterns and to the second layer
line of PBT fibers heat treated to a lesser degree). Comparison of
the experimentally observed second layer line intensity distribution
with Minter's molecular transform calculations of both cyl indrical ly
averaged chains and chains with preferred orientation [25] fails to
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show even reasonable agreement. The location of the second layer line
spots in relation to the 1.2 nm equatorial reflection strongly
suggests they could possibly be (102) reflections of the larger non-
primative unit cell of a three dimensional ly ordered crystal. A d-
spacing value of approximately 0.56 nm is obtained for these spots
based on measurements from the flat film patterns. Further evidence
for the development of true three dimensional crystal 1 inity in heat
treated PBT is the observation of faint meridional lattice images
(d = 1.24 nm) [114].
Another feature worth noting is the variation of the ratio of
peak intensities (Ie^/Ie2) by x-ray di ffractometry of the first major
equatorial reflection (ei) to the second major reflection (e2). For
the fibers of Table 13 (Chapter V) Ie^/Ie2 was observed to be roughly
0.7 as summarized in Table 15. However, other fibers examined
possessed (Ie^/Ie2) values over the range of 0.6 - 0.8. Differences
in this intensity ratio may be associated with the angle between the
bisthiazole moiety and the phenyl group and/or a variation of the
chain setting angle(s) in the unit cell. Shimamura et aj_. [40] have
observed large differences between peak intensities of e^ and e2 for
heat treated PBT fibers compared to the same fibers after mechanical
rolling at 400°C. The correct interpretation of these differences
in the relative intensity ratios of equatorial reflections for various
fibers is, at present, uncertain and requires detailed analysis of
proposed packing models for explanation.


